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ABSTRACT
This thes is  addresses a reverse analogy fo r  p re d ic t in g  ass im ila te  
compositions during a s s im i la t io n / f ra c t io n a l c r y s ta l l i z a t io n  (AFC), based 
on equations developed by Taylor e t a l . (1986) and DePaolo (1981), fo r  
c a lc u la t io n  o f  the strontium  concentration and the strontium  isotope 
r a t io  o f  the ass im ila te . The term a s s im i la t io n / f ra c t io n a l  
c r y s ta l l i z a t io n  is  used when both f ra c t io n a l c r y s ta l l iz a t io n  and 
a ss im ila t io n  o f  the country rock occurs during the emplacement o f  a 
b a s a lt ic  form ation. The reverse analogy is  evaluated by constructing  a 
graphical representa tion o f  a system based on the end members o f  a data 
array. From the end member in fo rm ation , two arrays can be constructed 
re la t in g  the possib le ass im ila te  compositions: 1) Related to  the value
o f R, the r a t io  o f the ra te  o f c r y s ta l l iz a t io n  to  the ra te  o f  
a s s im ila t io n ;  and 2) Related to  the f ra c t io n  the system has evolved, 
compared to  the amount o f  c r y s ta l l iz a t io n  needed to  reach the 
th e o re t ic a l endpoint, FE. The AFC endpoint is  the p o in t where the magma 
chamber is  t o t a l l y  c ry s ta l l iz e d  due to  f ra c t io n a l c r y s ta l l iz a t io n  and 
ass im ila t io n  o f  country rock. Placing l im i t s  on R and FE w i l l  place 
l im i t s  on the ass im ila te  composition. L im its  can be placed on R by 
assuming th a t c rys ta l 1iz a t io n  w i l l  provide the heat fo r  m elting the 
country rock. By estim ating the thermodynamics o f the system, a 
numerical value can be determined fo r  R. Mass balance o f  a major
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element, assuming f ra c t io n a l c r y s ta l l iz a t io n  alone produced the change 
from the lea s t evolved sample to the most evolved sample, w i l l  give a 
maximum amount o f  c r y s ta l l iz a t io n  fo r  the system. The le as t evolved 
sample o f  a data array is  taken to  be the sample w ith  the lowest 
iso to p ic  r a t io  o f  87Sr to  86Sr and the most evolved sample is  the one 
w ith  the highest r a t io .  I f  ass im ila t io n  is  added, the amount o f 
c r y s ta l l iz a t io n  w i l l  be less than th a t i f  f ra c t io n a l c r y s ta l l iz a t io n  
were the only fa c to r .
The graphical analogy fo r  p red ic t in g  ass im ila te  compositions can 
give a range o f  Sr contents and Sr isotope ra t io s .  The graphical 
analogy assumes th a t  only one ass im ila te  is  responsible fo r  the change 
in composition between the end members o f a su ite  o f  rocks. Although i t  
is  u n l ik e ly  th a t a system is  formed by a ss im ila t ion  o f  only one 
contaminant, the graphical analogy can be used as a s ta r t in g  po in t fo r  
the se tt in g  l im i t s  on the composition o f  the ass im ila te . I t  is  also a 
good way to  evaluate in form ation in the l i t e r a tu r e ,  because i t  can 




ABSTRACT  i i i
LIST OF FIGURES...................................................................................................  v i i
LIST OF TA B LE S .......................................................................................................  ix
ACKNOWLEDGEMENTS  x i i
DEFINITION OF SYMBOLS U S E D   x i i i
INTRODUCTION ...........................................................................................................  1
ASSIMILATION/FRACTIONAL CRYSTALLIZATION ......................................................  4
MASS BALANCE...........................................................................................................  7
BASIC EQUATIONS.......................................................................................................  15
GRAPHICAL ANALOGY ...................................................................................................  21
CONSTRAINTS................................................................................................................ 27
The Value o f D0 ...................................................................................................  27
Normalized Iso top ic  Ratio, e ......................................................................  28
Strontium Concentration ................................................................................... 29
Ratio o f  C rys ta l l  iz a t io n  to  A ss im ila t io n , R .......................................... 29
L im its  on f L and f c ...........................................................................................  30
THERMODYNAMICS............................   30
RESULTS - APPLICATION OF THE GRAPHICAL ANALOGY ........................................ 37
Cenozoic Flood Basalt, Colorado ..................................................................  37






APPENDIX A - SPREADSHEET CALCULATION METHODS ............................................ 74
Spreadsheet Calcu la tions ............................................................................... 75
APPENDIX B - CENOZOIC FLOOD BASALTS OF COLORADO ........................................  77
Petrographic Descrip tion ............................................................................... 79
Chemical Composition............................................................................................ 80
APPENDIX C - KIRKPATRICK BASALT GROUP, ANTARCTICA, Solo Nunatak . . 87
Petrographic Descrip tion ............................................................................... 88
Chemical Composition............................................................................................ 88
APPENDIX D - KIRKPATRICK BASALT GROUP, ANTARCTICA, Storm Peak . . .  96
Petrographic Descrip tion ............................................................................... 97
Chemical Composition ..................................................................................... 97




Figure 1: Relationship o f  f c(max) to  the value o f  R................................  10
Figure 2: Relationship between f ra c t io n  o f  c ry s ta ls  and l iq u id  to  the
s ta r t in g  magma and showing the f ra c t io n  the system has
evolved toward the AFC endpoint. R = Mc/Ma..........................  12
Figure 3: Relationship between f ra c t io n  o f c ry s ta ls  and l iq u id  to  the
s ta r t in g  magma and the f ra c t io n  o f c ry s ta ls  present in the
system at a given time. R = Mc/Ma.............................................  13
Figure 4: Location o f  the ass im ila te  composition depending on the
value o f  D0.....................................   23
Figure 5: Ass im ila te  array l in e s  combined w ith  f ra c t io n a l
c r y s ta l l iz a t io n  and mixing l in e s .   ...................................... 25
Figure 6: L im its  fo r  data arrays w ith  p o s it ive  s lope..........................  27
Figure 7: L im its  fo r  data array w ith  a negative s lope ........................  28
Figure 8: P lo t o f i n i t i a l  ^ S r / ^ S r  ra t io s  and 1/Sr w ith  the l in e a r
regression l in e  fo r  the Colorado B a sa lt .................................. 38
Figure 9: Possible ass im ila te  compositions fo r  the Colorado Basalts. 40
Figure 10: P lo t o f  i n i t i a l  ^ S r / ^ S r  ra t io s  and 1/Sr fo r  the
K irk p a tr ic k  Basalt w ith  the l in e a r  regression l in e .  . . 43
Figure 11: Possible ass im ila tes fo r  Solo Nunatak..................................... 45
Figure 12: Possible ass im ila tes  fo r  Storm Peak............................  46
Figure 13: L im it placed on the possib le ass im ila tes fo r  the Solo
Nunatak lo ca t io n  by the maximum amount o f  c r y s ta l l i z a t io n
vi i
T-4178
needed to  produce the most evolved end member by f ra c t io n a l
c r y s ta l l iz a t io n  alone......................................................................  52
Figure 14: L im it placed on the possib le ass im ila tes fo r  the Storm Peak 
loca tion  by the maximum amount o f  c r y s ta l l i z a t io n  needed to 
produce the most evolved end member by f ra c t io n a l
c r y s ta l l iz a t io n  alone....................................................................... 53
Figure 15: Graphical analogy fo r  the Colorado Basalt w ith  D0=1.5. . 54
Figure 16: Graphical analogy fo r  the Colorado Basalt w ith  Do=0.4. . 56
Figure 17: Graphical analogy fo r  the K irk p a tr ic k  Basalt w ith  Do=0.4. 57
Figure 18: Graphical analogy fo r  the K irk p a tr ic k  Basalt w ith  D0=1.5. 58
Figure 19: Solo Nunatak graphical analogy fo r  D0 = 0.4 w ith  ass im ila te  
compositions proposed by Faure e t a l . (1974) and Mensing et
a l .  (1984)........................................................................................ . . 61
Figure 20: Storm Peak graphical analogy w ith  ass im ila te  compositions
proposed by Faure et a l . (1974) and Mensing et a l . (1984). 62 
Figure 21: Relationship between o f  o r ig in a l magma c ry s ta l l iz e d  and 
the f ra c t io n  o f  l iq u id  remaining and the f ra c t io n  o f
c ry s ta ls  formed fo r  a system where R = 3 .0 .............................. 63
v i i i
T-4178
LIST OF TABLES
Table 1: Strontium data fo r  fou r rock types ..............................................  4
Table 2: Maximum values o f  f c fo r  values o f  R..........................................  10
Table 3: Thermodynamic values fo r  m inera ls ................................................  34
Table 4: Determination o f  c r y s ta l l iz a t io n  needed using f ra c t io n a l
c r y s ta l l iz a t io n  alone by mass balance...................................... 50
Table 5: Values o f  R and FE re la ted  to  proposed ass im ila te
compositions.........................................................................................  64
Table B l: Rubidium and strontium  analysis fo r  the Colorado Basalts. 80
Table B2: Major element data fo r  data array end members o f  the
Colorado Basalts, given in weight % ox ide ................................ 81
Table B3: Spreadsheet ca lcu la t io n s  to generate the array o f  possible
ass im ila te  compositions in  Figure 9, 15, and 16 fo r  the
Colorado Basalts. . . . . . . .  ..............................................  82
Table B4: Spreadsheet ca lcu la t io n s  used to generate the ass im ila te
p o s s ib i l i t ie s  re la ted  to  the f ra c t io n  o f  evo lu t io n , and the 
f ra c t io n a l c r y s ta l ! iz a t io n  vector fo r  the Colorado Basalts
fo r  D0 = 1 .5 .......................................................................................... 83
Table B5: Spreadsheet ca lcu la t io n s  used to generate the ass im ila te
p o s s ib i l i t ie s  re la ted  to  the f ra c t io n  o f  evo lu t io n , and the 
f ra c t io n a l c r y s ta l l iz a t io n  vector fo r  the Colorado Basalts 
fo r  D0 = 0 .4 ..........................................................................................  85
ix
T-4178
Table C l: Rubidium and strontium  analyses fo r  Solo Nunatak . . . .  89
Table C2: Major element data fo r  the le as t evolved and most evolved
samples from Solo N u n a t a k ..........................................................  90
Table C3: Spreadsheet ca lcu la t io n s  used to generate o f  the array o f
possib le ass im ila te  compositions fo r  the Solo Nunatak
lo ca tion  o f  the K irk p a tr ic k  Basa lts .......................................... 91
Table C4: Spreadsheet ca lcu la t io n s  used to generate the ass im ila te
p o s s ib i l i t ie s  re la ted  to the f ra c t io n  o f  evo lu t io n , and the 
f ra c t io n a l c r y s ta l l iz a t io n  vector fo r  the Solo Nunatak 
lo ca tion  o f  the K irk p a tr ic k  Basalts fo r  D0 = 0.4. . . .  92
Table C5: Spreadsheet ca lcu la t io n s  used to generate the ass im ila te
p o s s ib i l i t ie s  re la ted  to the f ra c t io n  o f  e vo lu t io n , and the 
f ra c t io n a l c r y s ta l l iz a t io n  vector fo r  the Solo Nunatak 
lo ca t io n  o f  the K irk p a tr ic k  Basalts fo r  D0 = 1.5. . . .  94
Table Dl: Rubidium and strontium  analysis fo r  Storm Peak .................  98
Table D2: Major element data fo r  the le as t evolved and most evolved
samples from Storm P e a k ..............................................................  99
Table D3: Spreadsheet ca lcu la t io n s  used to generate o f  the array o f
possib le ass im ila te  compositions fo r  the Storm Peak
lo ca t io n  o f  the K irk p a tr ic k  B asa lts ...................................... 100
Table D4: Spreadsheet ca lcu la t io n s  used to generate the ass im ila te
p o s s ib i l i t ie s  re la ted  to  the f ra c t io n  o f  evo lu t io n , and the
x
T-4178
fra c t io n a l c r y s ta l l iz a t io n  vector fo r  the Storm Peak 
loca t io n  o f  the K irk p a tr ic k  Basalts fo r  D0 = 0.4. . . 101
Table D5: Spreadsheet ca lcu la t io n s  used to  generate the ass im ila te
p o s s ib i l i t ie s  re la ted  to  the f ra c t io n  o f  evo lu t ion , and the 
f ra c t io n a l c r y s ta l l i z a t io n  vector fo r  the Storm Peak 
lo ca tion  o f  the K irk p a tr ic k  Basalts fo r  D0 = 1.5. . . 103
Table El: Spreadsheet data used fo r  ca lc u la t io n  o f  the maximum
c r y s ta l l i z a t io n  l in e  fo r  the K irk p a tr ic k  Basalts. . . 106
Table E2: The fo l lo w in g  pages are the spreadsheet ca lcu la t io n s  fo r
producing the re la t io n s h ip  between f ra c t io n  o f  l iq u id  
remaining and f ra c t io n  o f  c rys ta ls  formed and the percent 




I would l i k e  to  express my appreciation to  E. Craig Simmons fo r  
the use o f  h is  theory and fo r  h is  inva luab le  help w ith  the development 
o f  the graphical analogy.
I would also l i k e  to  thank Ric F. Wendlandt and Maynard Slaughter 
fo r  t h e i r  support in reviewing and provid ing input to  my th e s is .
My thanks to  Karen Schoendaller fo r  her encouragement and her help 
in  c la r i f y in g  issues during d iscussions.
And f i n a l l y ,  I want to  thank my husband, Ken Root, fo r  h is 
continued f a i t h  in my a b i l i t y  to  complete th is  p ro je c t .
x i i
T-4178
DEFINITION OF SYMBOLS USED
CG Element concentration in the i n i t i a l  magma.
Cm Element concentration in the magma at any given time.
Ca Element concentration in  the assim ila ted m a te r ia l.
ec Iso top ic  ra t io  in i n i t i a l  magma.
em Iso top ic  r a t io  in  the magma at any given time.
ea Iso top ic  r a t io  in the assim ila ted m a te r ia l.
e Normalized iso to p ic  r a t io .
R Rate c rys ta l formed to ra te  m ateria l ass im ila ted,
R = Mc/Ma.
M0 Mass o f  o r ig in a l magma.
Mc Mass o f  cumulates.
Ma Mass o f  ass im ila tes .
Ml Mass o f  l iq u id  in  the system at a given time.
f L Ratio o f mass o f  the melt remaining at any given time
to  the o r ig in a l mass o f  magma, f L = ML/MQ.
f c Ratio o f  the mass o f  c ry s ta ls  formed at any given time
to  the o r ig in a l mass o f  magma, f c = Mc/M0.
fc(max) Ratio o f  c rys ta ls  formed when a system t o t a l l y
s o l id i f ie s  due to  AFC, re la ted  to the value o f  R.
D0 Bulk d is t r ib u t io n  c o e f f ic ie n t  fo r  element being
considered.
z, X Constants used fo r  s im p l i f ic a t io n  o f  the formulas which
re la te  R and Dc, z = 1 - (R*D0/R -1 ) ,  X = [1-R(1-D0)J.
Fe Fraction the magma chamber has evolved toward the AFC
endpo in t.
x i i i
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INTRODUCTION
Taylor e t a l . (1986) and DePaolo (1981) developed mathematical 
equations fo r  re la t in g  the composition o f  the end members o f  a data 
array w ith  an ass im ila te  composition. Taylor e t a l . used these 
equations to  ca lcu la te  the composition o f  the "most evolved member" o f  a 
series o f  samples, by using an assumed concentration o f  a country rock 
as ass im ila te . The most evolved member o f  a data array is  taken to  be 
the sample w ith  the highest 87S r/86Sr iso to p ic  r a t io  and the lea s t 
evolved member has the lowest is o to p ic  r a t io .  The problem w ith  the 
approach by Taylor et a l . is  th a t  the leas t evolved end member 
concentration and an assumed ass im ila te  composition is  used, and the 
most evolved end member composition fo r  th a t s i tu a t io n  is  ca lcu la ted .
I f  t h is  value does not match the actual sample analys is the process must 
be repeated in a series o f  t r i a l  and e r ro r  c a lc u la t io n s .  The 
determ ination o f  the ass im ila te  composition using the known end member 
analyses is  the problem addressed by th is  th e s is .
The re la t io n s h ip  between the strontium  concentration and the 
s tron tium  isotope r a t io  o f  a su ite  o f  rocks can be seen by p lo t t in g  the 
87S r /86Sr r a t io  versus 1/Sr(ppm). The inverse value o f the Sr 
concentra tion is  used because the re s u lts  w i l l  produce a s t ra ig h t  l in e .  
I f  the su ite  o f  rocks is  formed by f ra c t io n a l c r y s ta l l iz a t io n  alone, 
there would be no change in  the 87S r/86Sr r a t io  as a func tion  o f  1/Sr, 
and the l in e  would be h o r iz o n ta l.  When the p lo t  produces a l in e  other
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than h o r iz o n ta l,  i t  ind ica tes mixing w ith  another re se rv o ir  having a 
d i f fe re n t  is o to p ic  composition has occurred. Melted country rock could 
be considered to  be the other re se rv o ir .  Taylor (1980) and DePaolo 
(1981) postu lated th a t the composition o f  many b a s a lt ic  flows is  the 
re s u l t  o f  both f ra c t io n a l c r y s ta l l iz a t io n  and ass im ila t io n  o f  the 
country rock occurring during the emplacement o f  a b a s a lt ic  formation, 
ra th e r  than the simple mixing o f  two magmas o f  d i f fe re n t  chemical 
composition. They ca lled  th is  combination o f  processes a s s im i la t io n /  
f ra c t io n a l  c r y s ta l l iz a t io n  or AFC.
To answer the problem o f  determining the ass im ila te  composition, 
th is  thes is  w i l l  use "inverse" analogy o f  the Taylor and DePaolo 
equations, assuming th a t  a s s im i la t io n / f ra c t io n a l  c r y s ta l l iz a t io n  has 
occurred. Using the in form ation from the le a s t  evolved sample and the
most evolved sample the fo l lo w in g  questions can be asked:
1. Can l im i t s  be set on the composition o f  the contaminant
which was added to  the system to  produce the most evolved 
sample?
2. Can l im i t s  be set upon the mass balance re la t io n sh ip s  th a t
are required to  produce the most evolved sample?
3. Can l im i t s  be set upon the value o f  R used in the Taylor and
DePaolo equations? R is  the ra t io  o f  the ra te  o f  m ateria l 
c ry s ta l l iz e d  to  the ra te  o f  materia l ass im ila ted .
These questions w i l l  be answered by eva luating a graphical analogy fo r  
the p re d ic t io n  o f  the ass im ila te  composition during the AFC process in
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igneous rocks. The eva luation is  made by s e t t in g  l im i t s  on the 
composition o f  the assim ila ted m a te r ia l,  and showing th a t i t  must l i e  
w ith in  a designated area on a p lo t  o f  87S r /86Sr versus 1/Sr diagram, 
using equations derived by Taylor et a l . (1986) and DePaolo (1981).
These l im i t s  can be set by using mass balance and thermodynamic 
ca lcu la t io n s  on a su ite  o f  analyzed rocks. The graphical analogy is  
made o f  various data array l in e s ;  l in e s  re la ted  to  the f ra c t io n  o f 
c ry s ta ls  which have formed in re la t io n  to  the amount o f  s ta r t in g  
m a te r ia l,  f c, and l in e s  re la ted  to  the value o f  R. The data l in e s  are 
generated using the general equations fo r  a s s im i la t io n / f ra c t io n a l  
c r y s ta l l i z a t io n .  A demonstration o f  the use o f  the graphical analogy is  
done using data from the l i t e r a tu r e .  The demonstration determines what 
in form ation is  required to  produce an analogy w ith  reasonable re s u lts  
and an acceptable range o f  e r ro r .  The rock su ites  considered in th is  
study are the b a s a lt ic  rocks from the Cenozoic Flood Basalts o f Colorado 
(K. S. Schoendaller, Masters Thesis, 1988) and two loca tions  in  the 
K irk p a tr ic k  Basalt system o f A n ta rc t ica  (Mensing e t a l . ,  1984, Faure et 
a l . ,  1974). The hypothesis used in  th is  in ve s t ig a t io n  is  th a t  the 
re s u l t  o f  AFC would be approximately the same as a series o f  i n f i n i t e l y  
small steps o f  f ra c t io n a l  c r y s ta l l i z a t io n ,  w ith  each step, fo llowed by 
mixing o f  the remaining l iq u id  w ith  the melted country rock 
(a s s im i la te ) .
In th is  th e s is ,  the discussion w i l l  be l im i te d  to  Sr 
concentrations and 87S r/86Sr isotope ra t io s  o f  b a s a lt ic  rocks.
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ASSIMILATION/FRACTIONAL CRYSTALLIZATION
In uncontaminated basa lts , the i n i t i a l  87S r /86Sr r a t io  is  the same 
as the mantle in  the source region. This is  a low number, ranging from 
about 0.701 to  0.704 (McBirney, 1984). Deviation from these values 
ind ica tes  the p o s s ib i l i t y  o f  contamination o f  the o r ig in a l magma by 
mixing two or more magma chambers or contamination by a ss im ila t io n  o f 
wall rock m a te r ia l.  Table 1 show ranges o f  strontium  isotope ra t io s  fo r  
fou r rock types.
Table 1: Strontium data fo r  fou r rock types.
Rock Type 87S r/86SrD
Oceanic basalts 0.7023-0.707
Is land-a rc  volcanics 0.703-0.707
Continental mafic rocks 0.700-0.718
A lk a l ic  vo lcanics 0.704-0.714
From Cox, Bell and Pankhurst (1979).
Basalt may cause considerable p a r t ia l  melting o f  c rus ta l rocks at 
some depths; however, to ta l  melting o f  the crus t is  possib le only a 
short d istance adjacent to  the basa lt (Patchett, 1980). As a magma 
passes through the c ru s t,  i t  may undergo contamination at several stages 
during development (Patchett, 1980). Contamination o f  a magma probably 
occurs continuously or in several stages, such as an i n f i n i t e  number o f 
small steps o f  f ra c t io n a l c r y s ta l l iz a t io n  fo llowed by a ss im ila t io n .  In
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th is  study, the assumption is  made th a t  the i n f i n i t e  number o f small 
steps, can be approximately equated to  one large step o f f ra c t io n a l 
c r y s ta l l i z a t io n ,  fo llowed by mixing w ith  melted country rock.
The presence o f  a non-horizonta l co r re la t io n  between trace element 
values and the iso to p ic  ra t io s  o f  the same element in  rock samples 
ind ica tes  th a t  the most evolved sample d id  not form from the lea s t 
evolved sample by only f ra c t io n a l c r y s ta l l i z a t io n  in  a closed system. 
Evolution o f  a system by f ra c t io n a l c r y s ta l l i z a t io n  w ithout ass im ila t io n  
would produce a horizon ta l data array. Two processes are possib le to 
produce a non-horizonta l array: 1) while  molten, two magmas w ith
d i f fe re n t  s trontium  concentrations and iso to p ic  ra t io s  were mixed 
together, or 2) country rock w ith  a d i f fe re n t  is o to p ic  r a t io  was 
ass im ila ted  in to  the melt p r io r  to  emplacement. The most l i k e l y  process 
would be th a t  c ry s ta ls  formed in  the i n i t i a l  magma would provide heat 
f o r  the a ss im ila t io n  o f  country rock (Bowen, 1928). As the melt 
progresses upward, more c rys ta ls  form, and more country rock is  
ass im ila ted. Two types o f  ass im ila t io n  are poss ib le : bulk ass im ila t io n
where the wall rock is  trans fe rred  in bulk to  the melt (DePaolo, 1981), 
or se le c t ive  a ss im ila t io n  where the country rock is  p a r t i a l l y  melted or 
the magma encounters a p a r t ia l  melt o f  the country rock (Watson, 1982).
According to  Morse (1980) and Bowen (1928), the la te n t  heat o f 
c r y s ta l l i z a t io n  would fu rn ish  the heat required to  ra ise  the country 
rock to  i t s  m elting temperature, melt the rock (the la te n t  heat o f  
fus ion  o f  the rock ),  and supply enough heat fo r  warming the newly formed
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l iq u id  to  the temperature o f the melt. The c r y s ta l l iz a t io n  o f  a greater 
mass o f  c ry s ta ls ,  than the mass o f  m ateria l gained by m e lt ing , is  
requ ired , because the ass im ila t io n  process requires more heat than the 
c r y s ta l l iz a t io n  o f  an equal amount can produce. Because o f  t h is ,  the 
f ra c t io n a l  c r y s ta l l iz a t io n /a s s im i la t io n  process w i l l  be s e l f  
te rm ina ting , and eventua lly  w i l l  re s u l t  in the s o l id i f i c a t io n  o f the 
magma (Morse, 1980).
NASS BALANCE
The mass balance fo r  an a s s im i la t io n / f ra c t io n a l  c rys ta l 1iz a t io n  
process re la te s  the amount o f magma in  l iq u id  form at any given time, 
Ml , to  the amount o f  s ta r t in g  magma, Mc, minus the amount o f  c rys ta ls  
formed, Mc, plus the amount o f  assim ila ted m a te r ia l,  Ma:
D iv id ing  equation 1 by M0 gives the f ra c t io n  o f  each parameter to  the 
amount o f  o r ig in a l magma:
The equations developed by Taylor and DePaolo fo r  ca lcu la t io n s  o f  the 
trace  element concentration in an ass im ila te  contain the parameter R, 
which is  the r a t io  o f  the ra te  materia l is  c ry s ta l l iz e d  to  the ra te  
m ateria l is  ass im ila ted. For a constant ra te  o f  c r y s ta l l iz a t io n  over a 
given time in te r v a l ,
Ml  -  M0 -  Mc + Ma ( 1)
Hk  = Ho
M0 M0
Me + Ma 
M0 M0 ( 2 )
This reduces to
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Because AM is  an absolute value, R can be equated to
M  AL
R  =  — -  o r  M  =  — -  
Ma a R
U t i l i z in g  th is  and the fo l lo w in g  id e n t i t ie s :
f  m M L f  m M c
~M0 ' ~ M0
gives re la t io n sh ip s  between f L and f c
fL = 1 -  fc( 1 - , (3)
and
1c ( R  -  1 )
, ,  - . y  . ( 4 >
The maximum amount o f  c rys ta ls  formed when the magma has become 
completely s o l id i f ie d  d i r e c t l y  re la te s  to  the value o f  R, fo r  R > 1.0, 
and can be ca lcu la ted  from the mass balance data. Because o f  
a s s im ila t io n ,  the to ta l  amount o f  m ateria l in  the system w i l l  increase 
from one u n i t ,  ie .  1 gram, 1 kilogram, 1 pound, e tc . ,  where no c rys ta ls  
are present, to  a maximum amount where no l iq u id  remains. At the 
th e o re t ic a l AFC endpoint, the amount o f  l iq u id  in  the system w i l l  be 
zero and
-^c(m ax) ~  R  — X ‘
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Table 2 and Figure 1 show how the maximum value o f the f ra c t io n  o f 
c ry s ta ls  to  the o r ig in a l magma is  re la ted  to the values o f  R. As R gets 
la rge , the maximum amount o f  c rys ta ls  when the magma body becomes 
t o t a l l y  s o l id i f ie d  by the AFC process, approaches the amount o f  s ta r t in g  
m a te r ia l.  At large values o f  R, almost a l l  the magma chamber would 
c r y s ta l l iz e  w ith  only a t in y  amount o f a s s im ila t io n .
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Figure 1: Relationship o f  f c(max) to  the value o f  R.
T-4178 11
This re la t io n s h ip  o f  the maximum amount o f c ry s ta ls ,  which w i l l  be 
present when the system becomes t o t a l l y  s o l id i f ie d  due to  AFC, to  the 
value o f R is  only app licab le  fo r  values o f R g rea te r than one. For
values o f  R less than one, the amount o f  c ry s ta ls  and the amount o f
l iq u id  in the system can increase in d e f in i te ly .  Using the re la t io n sh ip  
th a t  the f ra c t io n  the system has evolved toward the AFC endpoint, E, is
equal to  the r a t io  o f  c ry s ta ls  to  o r ig in a l magma, f c, d iv ided by the
maximum amount o f  c ry s ta ls  possib le fo r  a selected value o f  R, f c(inax), 
or
Fe = f f° = (1 -  fL) ■ (6)
c (max)
I f  a f ra c t io n  o f  e vo lu t ion , FE, is  chosen, a corresponding f c is  
ca lcu la ted  re la ted  to  a value o f  R, and the corresponding value o f  f L is  
ca lcu la ted  fo r  the value o f  f c, using equation 5. Figure 2 shows the 
re la t io n sh ip s  o f  the f ra c t io n  o f  c ry s ta ls  to  the f ra c t io n  o f  l iq u id  fo r  
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Figure 2: Relationship between f ra c t io n  o f  c ry s ta ls  and l iq u id  to the
s ta r t in g  magma and showing the f ra c t io n  the system has 
evolved toward the AFC endpoint. R = Mc/Ma.
As shown in  Figure 2, the amount o f  c ry s ta ls  produced, in  re la t io n  to 
the amount o f  s ta r t in g  magma in  a system, can and w i l l  be g rea te r than 
1.0 i f  a ss im ila t io n  is  present. I f  there is  no a s s im ila t io n ,  the value 
o f  R would be i n f i n i t y ,  the maximum amount o f  c ry s ta ls  in  th is  case
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would be equal to the amount o f  s ta r t in g  m a te r ia l,  and the system would 
progress by f ra c t io n a l c r y s ta l l iz a t io n  alone. For values o f  R g reater 
than 1.0, the value o f  f L w i l l  be less than 1.0, in d ica t in g  the amount 
o f  l iq u id  in  the system is  decreasing. For R less than 1.0 the amount 
o f  l iq u id  w i l l  be increasing, because the amount o f  assim ila ted materia l 
w i l l  be g rea te r than the amount o f  c r y s ta l l iz a t io n  tak ing  place. These 
re la t io n s  are ind ica ted on Figure 2.
For values o f  R, the amount o f  c r y s ta l l iz a t io n  has a s p e c if ic  
re la t io n s h ip  to  the amount o f  l iq u id .  The f ra c t io n  o f  c ry s ta ls  present 
a t a given time, Finst, is  equal to  the f ra c t io n  o f  c ry s ta ls  at th a t time 
d iv ided  by the f ra c t io n  o f  c ry s ta ls  plus the f ra c t io n  o f  l iq u id  
remaining:
F- =m s t  -F j. -F '  
c +  L
f  =  ^  ^ i n s t
C R ~ Finst
fL =
«  * (1 ~ Finst)
R ~ Finst
The re la t io n s h ip  o f  the c ry s ta ls  at a given time to  the values o f  R is  
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fe = Me/Ma
Figure 3: Relationship between f ra c t io n  o f  c ry s ta ls  and l iq u id  to  the
s ta r t in g  magma and the f ra c t io n  o f  c ry s ta ls  present in the 
system at a given time. R = Mc/Ma.
A l i m i t  can be placed on the amount o f  c rys ta l 1iza t io n  required to 
progress from the le a s t evolved member o f  a su ite  o f  rocks to  the most 
evolved member by using major element or other trace  element data. The 
amount o f  c r y s ta l l iz a t io n  needed to  obtain the most evolved sample w i l l
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be the amount needed i f  only f ra c t io n a l c r y s ta l l iz a t io n  had occurred. 
Using major element data, the amount o f  c r y s ta l l iz a t io n  needed to 
produce the most evolved sample from the le as t evolved sample by 
f ra c t io n a l c r y s ta l l i z a t io n  alone can be ca lcu la ted by
C0 = Fc Cc + Fl Cm ,
or because Fc + FL = 1.0,
C0 = Fc Cc+ (1 - Fc) Cm .
This w i l l  produce an upper l im i t  on the amount o f  c ry s ta ls ,  f c, ie .  f c 
w i l l  equal Fc. I f  l im i t s  have been set on the values o f  R fo r  the 
system, FE, the f ra c t io n  o f  evo lu tion  o f  the system toward the AFC 
endpoint, can be determined. This w i l l  provide a l im i t in g  value o f  f L 
which can be used in  Ta y lo r 's  equations to determine the possib le Sr 
concentration and is o to p ic  r a t io  o f  the contaminant. The value o f  f L is  
the amount o f  l iq u id  in  the system re la ted  to  the amount o f  o r ig in a l 
m a te r ia l.  The FL, the f ra c t io n  o f  l iq u id  to  o r ig in a l magma, re la ted  to 
f ra c t io n a l c r y s ta l l iz a t io n  has the same meaning as f L in  the AFC, but 
they do not have the same value fo r  the same FE. Although the 
th e o re t ic a l amount o f  c r y s ta l l iz a t io n  when AFC occurs can be greater 
than 1.0, i t  is  u n l ik e ly ,  because the add it ion  o f  an ass im ila te  w i l l  
fo rce the process toward c r y s ta l l iz a t io n .  I f  the assim ila ted m ateria l 
is  b a s a lt ic ,  the amount o f  c r y s ta l l iz a t io n  would be more l i k e l y  to 
exceed 1.0; however, then the change in Sr composition and iso to p ic
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r a t io  could be the re s u l t  o f  mixing. The s i tu a t io n  o f  a ss im ila t ing  
b a s a lt ic  materia l is  not being evaluated in th is  th e s is .
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BASIC EQUATIONS
The fo l low ing  equations from Taylor e t a l . (1986) were used fo r  
ca lcu la t io n s  concerning a s s im i la t io n / f ra c t io n a l  c r y s ta l l i z a t io n  fo r  
values o f  R not equal to 1.0:
n  n  i  — -F~z
± “  = f r z + *  _--------   , (7)
C„ L Ca 1 -  R (  1 -  D a)
€  = -  €o
-  €o
= l *  f l *  . (8)
= e * (9)
where:
X =  1 -  R  ( 1  -  D Q)
and
The va r iab les  CQ and eQ, Cm and em, and Ca and ea, are re sp e c t ive ly ,  the 
concentrations and isotope ra t io s  o f  s trontium  in  the i n i t i a l  magma, in 
the magma at any stage (or fo r  the ca lc u la t io n s , the most evolved 
sample), and in the assim ila ted country rock. D0 is  the bulk 
d is t r ib u t io n  c o e f f ic ie n t  and is  assumed to  be constant, and f L is  the
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fra c t io n  o f  melt remaining at any stage, e is  the normalized isotope 
r a t io ,  (em - e0) / ( e a - ec) , and the id e n t i t y ,  X = 1 - R(1 - D0) is  used 
to s im p l i fy  the equations.
The fo l lo w in g  equation re s u l ts  i f  equation 8 is  solved fo r  f L' z 
and th is  value is  subs titu ted  in to  equation 7:
The slope o f  the data array is  equal to
a —
d _1_ _ _1_ ' (11) 
Cm Co
so equation 10 reduces to
( 12)
This is  in  the form o f the equation fo r  a s t ra ig h t  l in e ,  y = b + mx,
w ith  the in te rc e p t ,  b, equal to  [ec - Sd( l /C Q) ] ,  the slope, m, equal to
SdXy x equal to  1/Ca, and y equal to  ea. An array o f  possib le 
ass im ila te  values have the same in te rce p t as the data array and the
slope w i l l  be equal to  the slope o f  the data array times A.:
Sa = X . (13)
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Ta y lo r 's  equations, rearranged as fo llow s , were used in the 
spreadsheet ca lcu la t io n s :
A *  [C , -  (C 0 *  f £ * ) ]
=
1 -  f~L
and
Cm - cQ * fL
Add it iona l equations which were u t i l i z e d  in ca lcu la t io n s  fo r  
construc tion  o f  the graphical analogy are as fo l lo w s :
fL = 1 -  fa (1 -  - | )  ,
R * (1 -  fL)
f = Rc (max) ( J? -  1 ) '
~  £
c(m ax)
ARTHUR LAKES LIBRARY 
COLORADO SCHOOL OF MINES 
GOLDEN, CO 80401
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The fo llow ing  equations were used fo r  f ra c t io n a l c r y s ta l l iz a t io n  
and mass balance ca lcu la t io n s :
_  7-7 ( D a -  1 )
~c ”  Lo
—  = (1 -  Fc) {D° X) 
Co
C0 = FcCc + FLCm ,
and
c0 = FcCc + (1 + Fc)
The var iab les  C0 and Cm are as prev ious ly  defined, Cc is  the 
concentration o f  s trontium  in  the c rys ta l phase, and Fc and FL are the 
amount o f  c rys ta ls  and l iq u id  in  the system re la ted  to  the amount o f 
s ta r t in g  materia l during f ra c t io n a l c r y s ta l l iz a t io n .
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GRAPHICAL ANALOGY
The hypothesis being investiga ted  in th is  thes is  is  th a t  the 
composition o f  an assim ila ted m ateria l can be determined using known end 
member data assuming the system has proceeded by a s s im i la t io n / f ra c t io n a l  
" c r y s ta l l iz a t io n  (AFC). AFC is  e s s e n t ia l ly  a two step process; 
c rys ta l 1iz a t io n  followed by mixing w ith  the country rock melted from the 
heat generated during the c r y s ta l l i z a t io n  phase. In the evo lu tion  o f 
the magmas from the most p r im it iv e  sample to  the most evolved sample, an 
i n f i n i t e  number o f  these c ry s ta l l iz a t io n /m ix in g  steps w i l l  take place. 
This hypothesis can be demonstrated using a graphical analogy fo r  
determining the ass im ila te  composition. The sloped l in e  formed by 
p lo t t in g  the analyzed data on a p lo t  o f  87S r /86Sr versus 1/Sr shows tha t 
a ss im ila t io n  o f  country rock or the mixing o f two magmas occurred during 
the formation o f  the rock se r ies . During the f ra c t io n a l c r y s ta l l iz a t io n  
process, the iso to p ic  r a t io  does not change, so i f  f ra c t io n a l 
c r y s ta l l iz a t io n  was the only process a f fe c t in g  a su ite  o f  rocks, a p lo t  
o f  87S r /86Sr versus I /S r  would re s u l t  in  a ho rizon ta l l in e .  A change in 
the 87S r /86Sr r a t io  as the strontium concentration changes, is  an 
in d ic a t io n  th a t  mixing has taken place. The isotope ra t io  is  p lo tte d  
versus the inverse o f  the strontium  concentra tion , because the re su lts  
are s t ra ig h t  l in e s .  Although p lo t t in g  ^ S r / ^ S r  versus l / 86Sr is  more 
co rrec t than p lo t t in g  the r a t io  versus 1/Sr, because the denominator o f  
both axes w i l l  be the same. The in form ation and p lo ts  in th is  thes is
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w i l l  u t i l i z e  1/Sr, in  order to  be consis ten t w ith  published in fo rm ation . 
By being cons is ten t, the in form ation in th is  thes is  is  more re a d i ly  
comparable to  a s s im i la t io n / f ra c t io n a l  c r y s ta l l i z a t io n  studies done by 
others. The 1/Sr(ppm) can be converted to l / 86Sr(ppm) by
1 = [ 8 2 1 .8 8  + 86 . 91 ( S r 87/ S r 86) ]
S r 86 PPm S r
With mixing or a s s im i la t io n / f ra c t io n a l c r y s ta l l i z a t io n ,  two types 
o f  trends are possib le : a p o s it iv e  slope, as w ith  the Cenozoic Flood 
Basalts o f  Colorado, and a negative slope, as w ith  the K irk p a tr ic k  
Basalts o f  A n ta rc t ica .
From a p lo t  o f  data, using the most p r im i t iv e  and the most evolved 
sample values fo r  the end po in ts , the quadrant conta in ing the ass im ila te  
composition can be determined by the value o f  D0, the bulk d is t r ib u t io n  
c o e f f ic ie n t  fo r  the selected element, in  th is  case s tron tium . The areas 
conta in ing possib le  ass im ila tes w i l l  be bounded by the value o f  the 
iso to p ic  r a t io  o f  the most evolved sample (h ighest r a t io  o f  87S r /86Sr), 
and the extension o f  the data l in e  as shown in  Figure 4. The value o f 
D0 must be determined experim enta lly  or from l i t e r a tu r e  values fo r  the 
p a r t ic u la r  minerals involved. For values o f  D0 less than 1.0, the 
c r y s ta l l iz a t io n  vector w i l l  move to  the l e f t  from the most p r im it iv e  
sample and w i l l  move to  the r ig h t  fo r  Dc g rea te r than 1.0. For values 
o f  D0 less than 1.0, the ass im ila te  composition w i l l  l i e  to  the r ig h t  o f 
an extension o f  the data (upper r ig h t  quadrant) and fo r  values o f  D0 
g rea te r than 1.0, the composition w i l l  be to  the l e f t  (upper l e f t
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quadrant). For D0 equal to 1.0, the change in  Sr concentrations and 
is o to p ic  ra t io s  is  the same as th a t accomplished through simple mixing.
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.........................  EXTENSION OF THE DATA ARRAY (2) MOST EVOLVED SAMPLE
---------------------  LOWER LIMIT OF 87Sr/86Sr IN THE ASSIMILATE (3) CRYSTALLIZATION FOR Do LESS THAN 1.0
---------------------- CRYSTALLIZATION VECTORS (4) CRYSTALLIZATION FOR Do GREATER THAN 1.0
Figure 4: Location o f  the ass im ila te  composition depending on the
value o f D0.
A l in e  fo r  the mixing step w i l l  connect the c rys ta l 1iz a t io n  vector 
w ith  the most evolved endpoint o f  the data l in e  and the composition o f 
the ass im ila te  should l i e  along the con tinua tion  o f  th is  l in e .  The 
composition w i l l  be fu r th e r  l im i te d  by the eva luation o f  R (the ra t io  o f  
the ra te  o f  c r y s ta l l iz a t io n  to  the ra te  o f a s s im i la t io n ) .  Using a value 
o f  D0 and values fo r  R, an array o f  l in e s  can be p lo t te d  which have the
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same 87S r/86Sr in te rce p t as the data array l in e .  Figure 5 shows the 
construc tion  o f  the th e o re t ica l graphical so lu t io n .  The slopes o f  the 
ass im ila te  l in e s  are a function  o f  R and D0, and are equal to  the slope 
o f the data l in e  times the value o f  X where X = [1 -R (1-D0) ] .  These l in e  
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Figure 5: Ass im ila te  array l in e s  combined w ith  f ra c t io n a l
c r y s ta l l iz a t io n  and mixing l in e s .
0.003
Using actual data fo r  three b a s a lt ic  rock su ite s , the 
a p p l ic a b i l i t y  o f  the graphical analogy w i l l  be inves tiga ted . The rock 
su ites  being investiga ted  are the Cenozoic Flood Basalts o f  Colorado,
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and two loca tions  o f the K irk p a tr ic k  Basalts o f  A n ta rc t ica . The data 
fo r  the Colorado Basalts has a p o s it iv e  slope when 87S r /86Sr is  p lo tted  
versus 1/Sr, and the K irk p a tr ic k  Basalts show a negative data array 
slope. The equations o f  Taylor e t a l . (1986) w i l l  be used to  ca lcu la te  
values fo r  1/Sr and 87S r /86Sr fo r  p lo t t in g  a series o f  ass im ila te  array 
l in e s  and l in e s  fo r  various values o f FE. The se lec t ion  o f the value o f 
Dc places the f i r s t  r e s t r ic t io n  on the lo ca t ion  o f  the ass im ila te  
composition. The combination o f the upper and lower l im i t s  o f 
c r y s ta l l i z a t io n  and the ca lcu la t io n  o f  reasonable values fo r  R w i l l  
narrow the lo ca t io n  o f  the ass im ila te  composition. With enough 
in fo rm ation , mass balance ca lcu la t io n s  on major elements can be used to 
ca lcu la te  c r y s ta l l i z a t io n  l im i t s ,  and thermodynamic in form ation  can be 
used fo r  eva luating R.
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CONSTRAINTS
The Value o f D0
The f i r s t  and broadest c o n s tra in t ,  which can be placed on the 
ass im ila te  composition, comes from the se lec tion  or c a lc u la t io n  o f  the 
value fo r  D0, the r a t io  o f  the Sr concentration in  the cumulate to  the 
Sr concentration in  the magma. In the graphical analogy, the value o f 
D0 con tro ls  the d ire c t io n  o f  the c r y s ta l l iz a t io n  vector and the quadrant 
lo ca t io n  o f  possib le ass im ila te  compositions. For the two types o f  data 
arrays, the fo l low ing  cons tra in ts  are set by the se lec t ion  o f  D0:
Case I :  Data array w ith  a p o s it iv e  slope.
1. D0 > 1.0 
Minimum ea = ema m
2. D0 < 1.0
Minimum ea = em 072
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Figure 6: L im its  fo r  data arrays w ith  p o s it iv e  slope.
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Case I I :  Data array w ith  a negative slope.
1. D0 > 1.0 
Minimum ea = e
Maximum ea = 8 S r /86Sr in te rce p t
Maximum Ca = Ca m
2. D0 < 1.0
Minimum ea = e ( fo r  values o f  R > 1/(1-D0)
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Figure 7: L im its  fo r  data array w ith  a negative slope.
For a l l  cases, ea must be g rea te r than em, and 1/Ca must be g rea te r than 
zero.
Normalized Iso top ic  Ratio, e
Further cons tra in ts  can be placed on the in d iv id u a l terms. The 
normalized is o to p ic  r a t io ,  e, must be p o s it iv e  and less than 1.0:
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0 * e £ 1, but e = (em - eQ) / ( e a - eD) ; the re fo re , ea must be greater 
than em to  have e g rea te r than 1.0. I f  e = 0, the is o to p ic  r a t io  o f the 
ass im ila te  is  so low th a t  the 87S r/86Sr r a t io  in the magma is  not
a ffec ted  by the add it iona l materia l during a s s im ila t io n :  em = e0. I f
ea » em, e w i l l  approach 0. I f  e = 1, the iso to p ic  r a t io  o f  the
ass im ila te  is  equal to  the ra t io  in  the magma: ea = eQ.
Strontium Concentration
The upper l i m i t  o f  the Sr concentration in  the ass im ila te  can be 
re s t r ic te d  by the lower 87S r/86Sr r a t io  and the value o f R. This value 
w i l l  be where the value o f em in te rse c ts  the ass im ila te  array l in e s  fo r  
values o f  R, or mathematically:
1  ~  ^ in t e r c e p t
Ca k * s d
This value is  not a r e a l i s t i c  number, because i t  would represent an
in f i n i t e  amount o f  c r y s ta l l i z a t io n .
Ratio o f  C ry s ta l l iz a t io n  to  A ss im ila t io n . R
The value o f  R must be greater than 1.0 fo r  a l l  values o f D0, 
unless the amount o f  l iq u id  in  the magma chamber is  increas ing, i . e .  the
amount o f  c ry s ta ls  formed would be less than the amount o f  materia l
ass im ila ted. For values o f  R g rea te r than 1.0, the heat generated by 
the formation o f c ry s ta ls  w i l l  be used fo r  melting country rock fo r  
a s s im ila t io n .  The value o f  R is  d i r e c t l y  re la ted  to  the depth at which
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the a s s im i la t io n / f ra c t io n a l  c r y s ta l l iz a t io n  takes place. At shallow 
depths, the value o f R w i l l  be g reater than fo r  systems at greater 
depth, because the temperature o f  the country rock is  less , so more heat 
is  required fo r  a ss im ila t io n .  The value o f  R used in the ca lcu la t io n s  
and fo r  graphical r e s t r ic t io n s  can be values from the l i t e r a tu r e  or 
ca lcu la ted  using thermodynamics.
L im its  on f L and f c
The amount o f  magma remaining a t any given time during 
c r y s ta l l iz a t io n  w i l l  be less than the o r ig in a l q u a n t ity  fo r  values o f  R 
g rea te r than 1.0. For R less than 1.0, f L w i l l  s ta r t  at 1.0 and
increase, in d ic a t in g  th a t  the amount o f  l iq u id  in  the system is
increasing . For th is  thes is  only R > 1.0 is  being considered, so f L 
w i l l  be between zero and 1.0: 0 * f L s 1.0. The amounts o f  f c and the
corresponding amount o f  f L re la te  d i r e c t l y  to  the value o f  R fo r  the
system.
As c r y s ta l l iz a t io n  occurs, the amount o f l iq u id  remaining w i l l  
decrease, and eventua lly  w i l l  reach zero, at which p o in t ,  f c w i l l  be a 
maximum and f L w i l l  be zero. The maximum amount o f  f c re la te s  to  the 
value o f  R by
The maximum amount o f  c r y s ta l l i z a t io n  in a system can be fu r th e r  re fined  
by mass balance ca lcu la t io n s  on major elements fo r  the end members o f
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the data array. The amount o f  c r y s ta l l i z a t io n  needed to  produce the 
change from f ra c t io n a l  c r y s ta l l iz a t io n  alone w i l l  be g rea te r than tha t 
needed when ass im ila t io n  is  present.
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THERMODYNAMICS
Thermodynamic ca lcu la t io n s  can be used to  set l im i t s  on the value 
o f  R, the ra t io  o f  the amount o f  c rys ta ls  formed to  the amount o f 
m ateria l ass im ila ted. Two assumptions are used in  these ca lcu la t io n s :
1) radiogenic heat production can be ignored; and 2) thermal 
c o n d u c t iv ity  can be trea ted  as a constant.
The amount o f  c ry s ta ls  formed can contro l the amount o f materia l 
which can be ass im ila ted , because the heat needed fo r  the ass im ila t ion  
can be provided by the heat produced by c r y s ta l l iz a t io n  (Taylor et a l ., 
1986; DePaolo, 1980). The heat generated during the c r y s ta l l iz a t io n  
must be great enough to ra ise  the country rock to  i t s  melting 
temperature, and melt the rocks to  a llow incorpora tion  o f the melt. 
Taylor (1980) estimated tha t the formation o f  3.25 grams o f  c rys ta ls  
would generate approximately 250 ca lo r ie s  o f  heat. This would ra ise  the 
temperature o f  1 gram o f cold country rock from 150°C to  1150°C, i f  the 
s p e c if ic  heat o f  the rock = 0.25 ca l/g°C .
The loca t io n  o f  a magma in  the c ru s t,  at the time o f  a ss im ila t io n , 
w i l l  a f fe c t  the amount o f  heat required to melt the country rocks. Less
heat is  needed to  melt the warmer, deeper rocks; the re fo re , less
c r y s ta l l i z a t io n  is  necessary, and the values fo r  R w i l l  be lower fo r  
deep a ss im ila t io n  than fo r  ass im ila t io n  high in the c ru s t.  Typical heat
balance ca lcu la t io n s  can p re d ic t  a value fo r  R, because the amount o f
heat given o f f  during the c r y s ta l l iz a t io n  o f  minerals from the s ta r t in g
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magma w i l l  be used fo r  the ass im ila t io n  o f the country rock. To p re d ic t  
the value o f  R, two cases should be inves tiga ted : one o f  shallow
ass im ila t io n  (w ith the country rock at 200°C) and one w ith  deep seated 
a ss im ila t io n  (w ith  the country rock at 600#C). I f  the composition o f 
the s ta r t in g  m ateria l cannot be pred ic ted , a ty p ic a l basa lt composition
can be used w ith  o l iv in e  and pyroxene c r y s ta l l iz in g ,  w ith  ass im ila t io n
o f g ra n ite  as the country rock. Varying the s ta r t in g  materia l 
composition w i l l  provide a range o f  possib le R values. The fo llow ing  
method can be used in  the ca lcu la t io n s :
Assumptions
1. AH w i l l  be independent o f  pressure, P = 1 bar.
A H is  a func tion  o f  pressure and temperature w ith  a second 
order e f fe c t ;  however, the change in A H from 1 bar to  1000 
bar is  not la rge .
2. The system behaves a d ia b a t ic a l ly .
3. The heat o f  mixing can be neglected.
4. The ca lcu la t io n s  w i l l  be based on the c r y s ta l l iz a t io n  o f  a
u n it  amount o f  c ry s ta ls ,  i . e . ,  1 kg.
5. The magma is  at temperature T.,, the wall rock is  a T2, the
m elting temperature o f  the wall rock is  Tm.
6. The age o f  minerals c rys ta l 1iz in g  w i l l  be estimated using 
phase e q u i l ib r ia  re la t io n s h ip s .
C a lcu la tion  method
1. Magma c r y s ta l l iz in g  at T-, (1100°C = 1373 K ),
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A Hx l l i z a t i o n  =  X ( 1 ) ( A Hm<1>) +  X < 2 ) ( A Hm(2>)> w h e r e  X eCi U a l  S t h e
f ra c t io n  o f  each cons tituen t c r y s ta l l i z in g .
2. Melting o f  the country rock
a) Heating the country rock from T2 to  Tm,
^ ( c o u n t r y  rock)  =  X ( 1 ) ( ^ p ( 1 > )  +  X < 2 ) ( ^ p < 2 > )  +  X ( 3 ) ( ^ p ( 3 ) ) »
A H = / Cp dT, where X is  the f ra c t io n  o f  the minerals in 
the country rock which are m elting, and Cp is  the heat 
capacity o f  the m inerals.
b) Melting the country rock at Tm,
A Ht= X(1)(A Hm(1)) + X{2)(A Hm(2)) + X(2)(A Hm(2)) .
c) Heating the molten country rock a t Tm to  the temperature
o f the magma, T,, (assume Cp o f  the molten rock is  10% 
greater than Cp o f  the s o l id ;  Cp(molten rock) = 1.10 *
^ p ( s o l i d ) )
A H = / Cp dT.
d) Total heat required fo r  a ss im ila t io n  = E(A H).
I f  the amount o f  heat released during the c r y s ta l l i z a t io n  and the 
amount o f  heat required fo r  ass im ila t io n  o f  country rock are ca lcu la ted , 
and i t  is  assumed th a t one gram o f m ateria l was ass im ila ted , the number 
o f  grams which must have c ry s ta l l iz e d  can be determined,
( g r a m s  c r y s t a l s ) ( A Hx l l n ) = (1 g r a m  a s s i m i l a t e d )  ( A H assim)
R can be estimated amount c ry s ta l l iz e d  d iv ided by the amount ass im ila ted 
(1 gram).
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Recent studies in the determination o f  the AHm have y ie lded  values 
considerably d i f fe re n t  than those reported e a r l ie r .  Table 3 compares 
the values determined by various authors and gives s p e c if ic  heat data, 
fo r  use in  the heat balance ca lc u la t io n s .  The s p e c if ic  heat values
shown in  Table 3 ca lcu la ted from formulas by both Robie et a l . (1978)
and Berman and Brown (1985) compare favorab ly , but wide v a r ia t io n s  in
the values fo r  AH are due to  recent changes in  the method o f
determ ination.
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Table 3: Thermodynamic values fo r  m inerals.
Mineral Melt Pt A H ^ (TJ  CD(T2) Reference
K kJ/mol J/mol*k J/mol*K
Anal b i te 1391 59.28 239.70 315.41 (a) Robie e t a l . ,  78
240.38 315.49 (b) Berman & Brown, 85
Anorth ite 1830 81.00 265.18 324.51 (a) Robie e t a l . ,  78
135.64 W e il l ,  80
264.68 325.12 (b) Berman & Brown, 85
Diopside 1665 77.40 207.13 252.24 (c) Robie et a l . ,  78
77.45 Yoder, 76
142.34 Z ie g le r ,  86
208.3 250.94 (b) Berman & Brown, 85
F aya lite 1490 92.17 159.94 191.76 (c) Robie e t a l . ,  78
92.10 Yoder, 76
159.15 190.08 (b) Berman & Brown, 85
F o rs te r i te 2163 145.38 177.61 (d) Robie et a l . ,  78
122.66 Yoder, 76
145.52 177.45 (b) Berman & Brown, 85
C lin o e n s ta t i te 1830 61.51 (d) Robie et a l . ,  78
61.54 Yoder, 76
K-Feldspar 1473 61.5 204.44 329.19 (a) Robie et a l . ,  78
Quartz, a 1996 8.159 44.18 77.54 (d) Robie e t a l . ,  78
Quartz, B 1996 8.159 58.33 73.82 (e) Robie et a l . ,  78
(1) Formulas used fo r  the ca lc u la t io n  o f  C .
(a)  Cn = a + bT + cT2 + dT'0'5 + eT'2 (d) C = a + bT + cT'0’5 + dT'2
(b) = a + bT'0’5 + cT'2 + dT"3 (e) = a + bT + cT'2
(c) = a + bT + cT2 + dT'2
(2) Temperatures used except fo r  quartz : T. = 473K, T? = 1073K.
For a-Quartz, temperatures used: T, = 298K, T2 = 523K.
For B-Quartz, temperatures used: T1 = 523K, T2 = 1800K.
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RESULTS - APPLICATION OF THE GRAPHICAL ANALOGY
A graphical analogy was developed fo r  the rock su ites  from the 
three lo c a l i t ie s  selected. The value o f  D0 was chosen from the 
l i t e r a tu r e  pe rta in ing  to  the rock formations in  question. For the 
Colorado Basalt, Schoendaller (1988), determined th a t  a D0Sr o f  1.6 was 
appropria te and Mensing e t a l . (1984), used a D0Sr o f  0.4 fo r  the 
K irk p a tr ic k  Basalt at Solo Nunatak. In order to  compare the graphical 
analogies fo r  each basa lt,  0o's  o f  1.5 and 0.4 w i l l  be used. The values 
o f  0.4 fo r  the Colorado Basalt and 1.5 fo r  the K irk p a tr ic k  Basalt are 
used to  i l l u s t r a t e  how the graphical analogy behaves at D0's  less than 
and g rea te r than 1.0, re sp e c t ive ly .  For construc ting  the graphical 
analogy, arrays generated fo r  hypothetica l ass im ila te  compositions 
re la te d  to  values o f R and re la ted  to  values o f FE are combined w ith  the 
data array.
Cenozoic Flood Basalt. Colorado
The Cenozoic Flood Basalt, located in the F la t Tops region o f 
northwestern Colorado, are thought to  be re la ted  to  the development o f 
the Rio Grande R i f t  (Zoback e t a l . ,  1981; Christiansen and Lipman,
1972). The question o f  c rus ta l contamination o f  these basa lts  was 
studied by Schoendaller (1988) and Leet et a l . (1988, 1989).
Schoendaller concluded th a t  c rus ta l contamination was a more lo g ic a l 
reason fo r  the d is t r ib u t io n  o f  the ^ S r / ^ S r  versus 1/Sr data than simple
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bulk mixing o f  two components. Schoendaller (1988) gives a complete
d e sc r ip t io n  o f  the samples.
The 87S r/86Sr ra t io s  used in Schoendaller's work fo r  the ass im ila te
composition were fo r  the Pikes Peak Granite o f  0.7354 and 0.8545 from
Hedge (1969). A petrographic d e sc r ip t ion  and chemical ana lys is o f  the 
Colorado Basalt can be found in  Appendix B. Figure 8 shows the 87S r /86Sr 
versus 1/Sr analys is fo r  the su ite  o f  rocks studied by Scheondaller 
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Figure 8: P lo t o f  i n i t i a l  87S r /86Sr ra t io s  and 1/Sr w ith  the l in e a r
regression l in e  fo r  the Colorado Basalt.
The fo l lo w in g  parameters were used in the generation o f the 
graphica l analogy fo r  the Colorado Basalt:
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Colorado Basalt
C. = 1730 ppm Sr e0 = 0.70406 ^ S r / ^ S r
Cm = 388 ppm Sr em = 0.70778 ^ S r / ^ S r
Slope o f  data array = 1.8457 
87S r /86Sr in te rce p t o f  data array = 0.703
The in te rce p t ca lcu la ted from the end member compositions is  not the 
same as the in te rce p t from the l in e a r  regression, because the le a s t 
evolved sample composition does not l i e  exactly  on the regression l in e .
Figure 9 shows the graphical analogy fo r  the Colorado Basalt fo r  
values o f  D0 o f  1.5 and 0.4. The graphical analogy combines the 
hypothetica l ass im ila te  compositions re la ted  to values o f  R w ith  the 
compositions re la ted  to the f ra c t io n  the system has evolved toward the 
AFC endpoint, FE. These f ig u re s  show tha t as R gets la rge , fo r  both 
values o f  D0, the amount o f Sr in the hypothetica l ass im ila te  approaches 
i n f i n i t y .  Because the inverse o f  the strontium concentration in the 
ass im ila te  must be g rea te r than 1/Cm and em, fo r  D0 less than 1.0, the 
l in e s  generated fo r  R much la rg e r  than 1.0 can not y ie ld  ass im ila te  
p o s s ib i l i t i e s .  The in te rse c t io n s  o f  the ass im ila te  array l in e s  w ith  the 
f ra c t io n  o f  evo lu tion  l in e s  would be the ass im ila te  composition fo r  
those two parameters. These p lo ts  show th a t fo r  selected or ca lcu la ted
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Figure 9: Possible ass im ila te  compositions fo r  the Colorado Basalts.
The dashed l in e s  are values o f  R and the s o l id  l in e s  are 
values o f  FE.
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K irk p a tr ic k  Basalt System, A n ta rc t ica
The K irk p a tr ic k  Basalt Group located in the T ransantarc tic  
Mountains o f  Northern V ic to r ia  Land, A n ta rc t ica , consists o f  several 
b a s a lt ic  flows. According to Faure e t a l .(1974), these lava flows may 
have formed by two processes: 1) Basalt magma was generated in  the
lower c rus t or in  the upper mantle by p a r t ia l  melting o f  rocks having a 
range o f  Rb/Sr ra t io s  and chemical composition, in  such a way th a t  
successive lava flows had sys tem atica lly  decreasing 87S r /86Sr ra t io s  and 
changing chemical composition; or 2) a parent magma o f b a s a lt ic  
composition in te rac ted  w ith  old g r a n i t ic  rocks o f  the con tinen ta l c ru s t,  
through which the magma trave led  as i t  rose to the surface.
Samples from two d i f fe re n t  loca tions  o f  the K irk p a tr ic k  Basalt 
Group demonstrate the graphical analogy theory fo r  p re d ic t io n  o f  the 
ass im ila ted  m a te r ia l.  The loca tions  o f  the basalts are Solo Nunatak and 
Storm Peak. Solo Nunatak is  in  Northern V ic to r ia  Land, A n ta rc t ic a ,  at 
approximately 73°10'S and 163.6°E, 20 km northeast o f  the Mesa Range. 
Storm Peak is  approximately 1425 km south o f  Solo Nunatak in  the 
T ransan ta rc tic  Mountains in  the Queen Alexandra Range, at 84°35'S and 
163°55'E. The age o f  both basa lt samples is  Jurass ic , between 163-179 
my ( E l l i o t , 1970).
The basalts o f  Solo Nunatak cons is t o f  Jurassic th o le i i t e s  and the 
chemical and iso to p ic  analyses ind ica te  th a t they are contaminated w ith  
c ru s ta l m a te r ia l.  The i n i t i a l  ^ S r / ^ S r  ra t io s  o f  some o f  these rocks 
are g rea te r than 0.710, which is  high and s im i la r  to  ra t io s  reported in
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the Central T ransantarc tic  Mountains on Storm Peak. Solo Nunatak has 23 
flows o f  the K irk p a tr ic k  Basalt, w ith  the to ta l  th ickness o f  the exposed 
flows o f  approximately 300 meters (Mensing et a l . ,  1984). Storm Peak is  
capped by 12 flows w ith  a to ta l  th ickness o f  about 525 m (Faure et a l . ,  
1974). The s im i la r i t y  o f  the chemistries between the loca tions  suggests 
th a t  the basalts were generated from the same magma source, and may have 
been contaminated w ith  c rus ta l m a te r ia l.  The chemical analyses fo r  Solo 
Nunatak and Storm Peak can be found in  Appendix C and Appendix D, 
re spe c t ive ly .
Figure 10 A and B show the graphical d is t r ib u t io n s  o f  the i n i t i a l  
87S r /86Sr ra t io s  versus 1/Sr fo r  Solo Nunatak and Storm Peak. The ra t io s  
roughly show a l in e a r  c o r re la t io n .  The negative slope o f  the p lo ts  o f 
the iso to p ic  ra t io s  versus the inverse o f  the strontium  concentration 
ind ica tes  th a t a contaminant having a high 87S r /86Sr r a t io  and a high 
strontium  concentration was added to  a basalt magma w ith  a lower i n i t i a l  
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Figure 10: P lo t o f  i n i t i a l  ^ S r / ^ S r  ra t io s  and 1/Sr fo r  the K irk p a tr ic k
Basalt w ith  the l in e a r  regression l in e .
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Analyses from Mensing et a l . (1984) were used to  construct a
graphical analogy fo r  the Solo Nunatak flows. The fo l lo w in g  parameters
were used in  the development o f  the spread sheet ca lcu la t io n s  and the
subsequent graphs:
C0 = 95.3 ppm Sr, e0 = 0.71046 ®7S r /“ Sr,
Cm = 265.2 ppm Sr, em = 0 . 71168 87S r /MSr,
Slope o f  data array = -0.1815,
87S r /86Sr in te rce p t o f  data array = 0.7124.
Figure 11 shows the possib le ass im ila tes fo r  values o f  D0 o f  0.4 
and 1.5. The graphical analogy combines the hypothetica l ass im ila te  
compositions re la ted  to values o f  R w ith  the compositions re la ted  to the 
f ra c t io n  the system has evolved toward the AFC endpoint, FE. These 
f ig u re s  show th a t as R gets la rge , fo r  both values o f  D0, the amount o f 
Sr in  the hypothetica l ass im ila te  approaches i n f i n i t y .
For the Storm Peak flows, the data fo r  the le a s t evolved sample
and the most evolved sample from Faure et a l . (1974) are as fo l lo w s :
C. = 127.6 ppm Sr, e„ = 0.7095 ^ S r / ^ S r ,
Cm = 138.4 ppm Sr, era = 0.7125 87S r /86Sr,
Slope o f  data array = -4.9055,
87S r /86Sr in te rce p t o f  data array = 0.7479,
Figure 12 shows the possib le  ass im ila tes fo r  D0 o f  0.4 and 1.5 
re la ted  to  values o f  R and FE. As w ith  the Solo Nunatak graphical 
analogy, these f ig u re s  show th a t as R gets la rge, fo r  both values o f  D0, 
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Figure 11: Possible ass im ila tes fo r  Solo Nunatak. The dashed l in e s  are 
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Figure 12: Possible ass im ila tes fo r  Storm Peak. The dashed l in e s  are 
values o f R and the s o l id  l in e s  are values o f  FE.
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For the Colorado Basalt, Figure 9 shows th a t i f  D0 is  less than 
1.0, the value o f R would be close to  1.0, fo r  a l l  amounts o f  
c r y s ta l l iz a t io n .  Unless there is  another source o f  heat, such a small 
value o f  R is  u n re a l is t ic ,  and the change in  composition would be the 
re s u l t  o f  another mechanism, such as magma mixing or p a r t ia l  m elting o f 
a heterogeneous source. Leet et a l . (1988, 1989) propose th a t  three 
d i f fe re n t  types o f  magma were present in the area o f  the Colorado 
Basalts, and the ind iv id u a l flows were formed by the mixing two o f the 
th ree, w ith  some contamination by c rus ta l rocks during emplacement. By 
p lacing l im i t s  on R and the FE, s p e c if ic  l im i t s  can be placed on the 
ass im ila te  compositions, which would give the observed data array, i f  
c rus ta l contamination were the source o f  the v a r ia t io n  in  s trontium  
concentration and isotope ra t io s .
The graphical analogy fo r  Solo Nunatak (Figure 11-A) fo r  D0 = 0.4 
shows a wider range fo r  ass im ila te  p o s s ib i l i t ie s  than Storm Peak (Figure 
12-A ) . For Solo Nunatak, possib le assim ila tes e x is t  fo r  a l l  values o f R 
and a l l  values o f FE. For Storm Peak the s trontium  concentration o f the 
ass im ila te  would have to  have been qu ite  small, i . e . ,  around 50 ppm or 
less , and R would have to  have been less than 3.0 . Table D4 shows tha t 
the maximum value o f  R is  2.6 at 0.20 FE. At these values, the 
ass im ila te  composition would be Ca = 3 ppm and ea = 1.664, which are 
unreasonable values.
For D0 = 1.5, fo r  both loca tions  o f the K irk p a tr ic k  Basalt, the 
ass im ila te  compositions are very re s t r ic te d  fo r  a l l  values o f  R and FE,
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as shown in Figures 11-B and 12-B. For Solo Nunatak the isotope ra t io  
would be between 0.7124 and 0.71168 and the strontium  concentration 
would be g reater than 265.2 ppm, and fo r  Storm Peak ea would be between 
0.7479 and 0.7125 and Ca would be g rea ter than 138.4 ppm.
Mass balance ca lcu la t ions  fo r  major elements can place l im i t s  on 
the maximum amount o f  c r y s ta l l iz a t io n  which must occur to  produce the 
most evolved sample from the le a s t  evolved sample. Using Si02 
concentrations in  the data array end members, and assuming a Si02 
content in  the c rys ta ls  based on the phenocryst compositions, the 
f ra c t io n  o f  c r y s ta l l i z a t io n ,  Fc, can be ca lcu la ted . This is  the amount 
o f  c r y s ta l l iz a t io n  needed i f  the system progressed from CQ to  Cm by 
f ra c t io n a l  c r y s ta l l iz a t io n  alone. An ass im ilan t w ith  a higher Si02 
content w i l l  decrease the amount o f  c r y s ta l l iz a t io n  needed so th is  
f ra c t io n a l  c r y s ta l l iz a t io n  w i l l  be a maximum. In the AFC model, then, 
f c w i l l  have the same meaning as in  f ra c t io n a l c r y s ta l l i z a t io n ,  i . e . ,  
the f ra c t io n  o f  the amount o f  c ry s ta ls  to  the amount o f  s ta r t in g  
m a te r ia l.  However, in  the case o f  AFC, the amount o f  m ateria l 
c r y s ta l l iz e d  can include p rev ious ly  assim ila ted m a te r ia l.  The f ra c t io n  
o f  l iq u id  in  the system is  ca lcu la ted  from f L = [1 - f c( 1 - ( 1/R)) ] ,  using 
f c equal to  the f ra c t io n  o f  c r y s ta l l iz a t io n  determined from the mass 
balance ca lcu la t io n  and values o f  R. The f ra c t io n  o f  evo lu t ion  toward 
the AFC endpoint, FE, is  found by d iv id in g  the determined f c value by 
the f c(max) fo r  values o f  R. As the value o f R increases, the FE fo r  a
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given f c increases. Possible ass im ila te  compositions fo r  the given data 
w i l l  l i e  to  the l e f t  o f  these values in  the graph.
For estim ating the Si02 content o f the ass im ila te  fo r  the s ite s  
stud ied, the fo l lo w in g  phenocryst compositions were used, w ith  the Si02 
values fo r  the minerals from Deer, Howie and Zussman (1966):
Colorado Basalts
Mineral SiO^ Concentration
O liv in e  41.07
Clinopyroxene 52.9 - 49.68
Plagioclase, la b ra d o r i te  52.96
Si02 concentration in  the c rys ta ls
used fo r  mass balance ca lcu la t io n s  = 42.00
This value fo r  the Si02 composition was used, because in most sample
loca tions  the o l iv in e  phenocrysts predominated (Schoendaller, 1988, Leet
et a l .  1988, 1989).
Solo Nunatak
Mineral SiO-, Concentration
Clinopyroxene, augite 52.9 - 49.68
Clinopyroxene, p igeonite  52.84 - 49.72
Orthopyroxene, hypersthene 50.08
Plagioclase, la b ra d o r i te  52.96
Si02 concentration in  the c ry s ta ls
used fo r  mass balance ca lcu la t io n s  = 51.36
Storm Peak
Mineral SiQ-, Concentration
Clinopyroxene, augite 52.9 - 49.68
Plagioclase, la b ra d o r i te  52.96
Si02 concentration in the c rys ta ls
used fo r  mass balance ca lcu la t io n s  = 52.13
The phenocryst compositions fo r  the Solo Nunatak formation are from 
Mensing e t a l . (1984), Gair (1967), and Nathan and Schulte (1968), and
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those fo r  Storm Peak are from Faure (1981), Faure et a l . (1974), and 
E l l i o t t  (1970). Table 4 gives the value o f  Fc from a mass balance fo r  
Si02 content using the formula
C o  =  F c P c  +  (1  +  F c )  C m  ■
Table 4: Determination o f  c r y s ta l l i z a t io n  needed using f ra c t io n a l
c r y s ta l l iz a t io n  alone by mass balance.
Si02 Concentration 
Location C C C f
Colorado Basalt 41.63 50.77 42.00 1.0422
Solo Nunatak 53.5 58.3 51.36 0.692
Storm Peak 56.01 57.38 52.13 0.261
The value 1.04 fo r  f c fo r  the Colorado Basalt is  not meaningful, 
and ind ica tes  a d i f fe re n t  materia l should be used fo r  the mass balance 
c a lc u la t io n .  From the data in  Table 4, curves can be constructed fo r  
the maximum ass im ila te  compositions re la ted  to  the amount o f  
c r y s ta l l iz a t io n  needed to  produce the most evolved end member o f  the 
data array by f ra c t io n a l c r y s ta l l iz a t io n  only. Figures 13 and 14 show 
these curves fo r  Solo Nunatak and Storm Peak. Table El, in  Appendix E, 
shows the ca lcu la t io n s  fo r  the construction  o f  the curves.
As shown in Figure 13-A, possib le  ass im ila te  compositions fo r  Solo 
Nunatak could correspond to  a l l  values o f  R, but FE is  l im ite d  to  
approximately 0.68. The minimum Sr concentration is  approximately 318 
ppm Sr and the maximum Sr isotope r a t io  is  0.7147. The l im i t s  set on R 
and FE, fo r  Dc = 1.5, fo r  Solo Nunatak, as shown in Figure 13-B, are the
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same as fo r  Dc = 0 .4 , but the minimum Sr concentration would be 
approximately 540 ppm, and the minimum Sr isotope r a t io  would be 0.712. 
The maximum ^ S r / ^ S r  r a t io  would be the ^ S r / ^ S r  r a t io  in te rce p t o f 
0.7124. The maximum c r y s ta l l i z a t io n  l in e  on the Storm Peak analogy fo r  
D0 = 0.4 gives a meaningless l in e  as shown in  Figure 14-A. In Figure 
14-B, fo r  D0 = 1.5, Storm Peak could have ass im ila te  compositions fo r  
a l l  values o f  R, but FE is  l im ite d  to  less than 0.30. For Solo Nunatak 
w ith  D0 = 0.4 and 1.5 and Storm Peak w ith  D0 = 1.5, the add it ion  o f  the 
c r y s ta l ! i z a t io n  maximum l in e  narrows the ass im ila te  p o s s ib i l i t ie s .  For 
D0 = 0 .4 , the possib le  ass im ila tes w i l l  l i e  to  the l e f t  o f  th is  l in e ,  
and fo r  D0 = 1.5, the possib le ass im ila tes l i e  above the l in e .
No p lo ts  were constructed fo r  the Colorado Basalts, because the 











0 0.005 0.01 0.015 0.0250.02 0.03
1/Sr














0 0.001 0.002 0.003 0.004 0.005
1/Sr
Figure 13: L im it  placed on the possib le ass im ila tes fo r  the Solo
Nunatak lo ca t io n  by the maximum amount o f  c r y s ta l l iz a t io n  
needed to  produce the most evolved end member by f ra c t io n a l 
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B: D0 = 1 . 5
Figure 14: L im it  placed on the possib le  ass im ila tes fo r  the Storm Peak
lo ca t io n  by the maximum amount o f  c r y s ta l l iz a t io n  needed to  
produce the most evolved end member by f ra c t io n a l 
c r y s ta l l iz a t io n  alone.
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DISCUSSION
Adding a c r y s ta l l iz a t io n  vector to  Figures 12, 13, and 14, y ie ld s  
re s u l ts  needed to  compare the actual data w ith  the hypothesis o f  Figure 
4. The po in ts  on the c r y s ta l l i z a t io n  vector were ca lcu la ted  w ith  
Rayle igh 's f ra c t io n a l  c r y s ta l l iz a t io n  formula:
^rn _  jp (Da ~ D
~c "  Lo
or
= (1 _ pc) w° - 1 ,
O
w ith  CG given and Cm ca lcu la ted fo r  selected amounts o f 
c r y s ta l l iz a t io n s .  For f ra c t io n a l c r y s ta l l iz a t io n  alone, the amount o f 
c r y s ta l l iz a t io n  w i l l  be equal to  Fc, the f ra c t io n  o f  c ry s ta ls  
c r y s ta l l iz e d  from the o r ig in a l m a te r ia l.  A l in e  (a mixing vector) 
connects the chosen percent o f  c r y s ta l l iz a t io n  on the c r y s ta l l iz a t io n  
vec to r, w ith  the most evolved sample on the data array. The extension 
o f  the l in e ,  in te rse c ts  the f ra c t io n  o f  evo lu tion  (FE) data curve where 
1/Sr is  equal to  zero. The in te rs e c t io n  o f  the mixing l in e  w ith  the 
data array l in e s  fo r  values o f  R are p o ten tia l ass im ila te  compositions 
fo r  th a t  combination o f  parameters. Likewise, the in te rse c t io n  o f  the 
f ra c t io n  o f  evo lu tion  l in e s  w ith  the R value data a rray, are other 
possib le  ass im ila te  compositions fo r  those parameters. For the Colorado 
Basalt, w ith  D0 less than 1.0, no c o r re la t io n  e x is ts  between f ra c t io n a l
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c rys ta l 1iz a t io n  and mixing. The slope o f the mixing l in e  is  such tha t 
i t  w i l l  never in te rs e c t  any o f  the R l in e s .  This ind ica tes  th a t  fo r  
th is  case, the c r y s ta l l i z a t io n  fo llowed by mixing hypothesis is  not 
accurate. Figures 15 through 16 show the graphical analogy fo r  the 
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Figure 17: Graphical analogy for the Kirkpatrick Basalt with D0 =0.4. 
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Figure 18: Graphical analogy fo r  the K irk p a tr ic k  Basalt w ith  D0=1.5.
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No analysis o f the c rus ta l rock in  northwestern Colorado is
a v a ila b le ; however, Hedge (1969) gave two Sr isotope ra t io s  fo r  the
Pikes Peak g ra n ite :  0.7354 and 0.8545. These ra t io s  may be
representa tive  o f  the g ran ites  in  Colorado. Although these values are
high compared w ith  the sample data, fo r  D0 = 1.5, an ass im ila te  could
poss ib ly  have th is  composition.
Mensing et a l . (1984) and Faure e t a l . (1974) proposed ass im ila te
compositions fo r  Solo Nunatak and Storm Peak, re spe c t ive ly .  Mensing et
a l . selected the fo l low ing  parameters to  model the re su lts  o f
contamination on the o r ig in a l basalt magma:
S ta r t in g  Magma: 87S r/86Sr=0.710 (e ) ,  Sr=100 ppm (C )
Contaminant: 87S r /86Sr=0.720 (ea) , Sr=40 ppm (Ca), 1/Sr=0.025
C ry s ta l l iz a t io n  parameters: Do=0.4, R=3, 90% c r y s ta l l iz a t io n  o f
the o r ig in a l  magma.
The values o f  40 ppm Sr and 0.72 87S r/86Sr in the contaminant were 
estimated by Mensing et a l . (1984) to  be reasonable values fo r  c rus ta l 
m a te r ia l.  The d is t r ib u t io n  c o e f f ic ie n t  o f Sr o f  less than 1.0 was 
chosen by Mensing et a l . ,  because the phenocrysts in  the flows are 
mainly pyroxenes. Pyroxenes d isc r im ina te  against Sr and have 
phenocryst/m atrix  p a r t i t io n  c o e f f ic ie n ts  ranging from 0.027 to  0.128. 
The value o f 0.4 allows fo r  the c r y s ta l l iz a t io n  o f  some p lag ioc lase . 
With the Sr d is t r ib u t io n  c o e f f ic ie n t  less than 1.0, the melt is  
p rogress ive ly  enriched in Sr as c r y s ta l l iz a t io n  continues, and the 
^ S r / ^ S r  r a t io  increases as c ry s ta l l iz a t io n /a s s im i la t io n  progresses.
The value fo r  R, the weight r a t io  o f  the cumulates to  assim ila ted
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contaminant, o f  3.0 allows fo r  the la te n t  heat o f  c r y s ta l l iz a t io n  to 
provide energy fo r  melting the contaminant.
Faure e t a l . (1974) used the fo llow ing  parameters to  model the 
ass im ila te  composition fo r  Storm Peak:
S ta r t in g  Magma: 87S r /86Sr=0.706, Sr=117 ppm.
Contaminant: 87S r /86Sr=0.720, Sr=173 ppm, 1/Sr=0.0058.
According to  Faure e t a l . (1974), the contaminant o f the Storm 
Peak flows appears to  have had the composition o f  an i r o n - r ic h  g ra n i t ic  
rock, and was poss ib ly  the Precambrian igneous and metamorphic rocks o f  
the c r y s ta l l in e  basement complex o f  the Queen Alexandra Range. Faure 
does not evaluate Dc, nor give a value fo r  R; however, due to the 
s im i la r i t y  o f  the two lo ca t io n s , the values o f Mensing e t a l . w i l l  be 
used fo r  comparison.
Figure 19 and 20 shows the ass im ila te  compositions proposed by 
Mensing e t a l . and Faure e t a l . added to  the Solo Nunatak and Storm Peak 
graphical analogies fo r  D0 = 0.4 and D0 = 1.5. The p lo t  fo r  D0 = 1.5 
fo r  Solo Nunatak was not reproduced, because the maximum Sr isotope 
r a t io  possib le  is  equal to  the ^ S r / ^ S r  in te rce p t r a t io  o f  0.7124. Both 
the ass im ila tes  o f  Mensing e t a l . and Faure e t a l . have Sr isotope 
ra t io s  o f  0.72. For Storm Peak, the ass im ila te  composition proposed by 
Faure e t a l . l ie s  on the t ra je c to ry  o f  the data array l in e ,  so the 
change in  composition from the le a s t  evolved sample to  the most evolved 
sample could be the re s u l t  o f  m ixing, i f  th is  contaminant composition is  
accurate. The ass im ila te  composition proposed fo r  Solo Nunatak by
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Mensing e t a l . appears to be more reasonable, and would re la te  to  a 
value o f  R between 1.0 and 1.5, and FE would be less than 0.40.
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Figure 19: Solo Nunatak graphical analogy fo r  D0 = 0.4 w ith  ass im ila te  
compositions proposed by Faure e t a l . (1974) and Mensing et 









R *  i . i ~ "
0.73
■ ASSIMILATE COMPOSITION 
FROM STORM PEAK MODEL ASSIMILATE COMPOS TION FROM SOLO NUNATAII MODEL
*  —’   j.eo
0.72
0.71 0.99DATA ARRAY
0 0.005 0.01 0.015 0.02 0.025 0.03
1/Sr









FROM STORM PEAK MODEL
ASSIMILATE COMPOSITION 






B: D0 = 1.5
Figure 20: Storm Peak graphical analogy w ith  ass im ila te  compositions
proposed by Faure et a l . (1974) and Mensing e t a l . (1984).
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Mensing et a l . (1984) included a parameter o f  90% c r y s ta l l iz a t io n  
o f  the o r ig in a l magma. No d i re c t  re la t io n s h ip  ex is ts  between the 
percent o f  the o r ig in a l magma c ry s ta l l iz e d  and the to ta l  amount o f 
c r y s ta l l i z a t io n  during AFC. As AFC progresses, in  each c r y s ta l l iz a t io n  
step, the percent o f  the c rys ta ls  formed from the o r ig in a l magma w i l l  
decrease, and the percent o f  c ry s ta ls  formed from assim ila ted m ateria l 
w i l l  increase. Figure 21 shows, fo r  a system where R = 3.0, the 
re la t io n s h ip  between the f ra c t io n s  o f  c rys ta ls  and l iq u id  to  the 
s ta r t in g  magma, corresponding to  the percent o f  the o r ig in a l materia l 
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Figure 21: Relationship between o f  o r ig in a l  magma c r y s ta l l iz e d  and
the f ra c t io n  o f  l iq u id  remaining and the f ra c t io n  o f 
c ry s ta ls  formed fo r  a system where R = 3 .0 .
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s ta r t in g  m ateria l o f  one gram and increments o f  0.3 grams c r y s ta l l iz in g .
From the graph where R = 3 .0 , and 90% o f the o r ig in a l  magma has
c ry s ta l l iz e d ,  the f ra c t io n  o f  l iq u id  remaining and the f ra c t io n  o f 
c ry s ta ls  formed w i l l  be 
f L = 0.22, 
f c = 1.175.
When R = 3 .0 , the maximum amount o f  c ry s ta ls  formed from 1.0 gram o f 
s ta r t in g  m a te r ia l,  when 100% o f the o r ig in a l melt is  s o l id i f ie d ,  equals
1.5 grams; so i f  90% o f the o r ig in a l magma has c r y s ta l l iz e d ,  the system 
w i l l  have evolved 0.78 toward the th e o re t ica l AFC endpoint.
Figures 19 and 20 show th a t the ass im ila te  composition selected by
Mensing e t a l . and Faure e t a l . do not meet the 0.78 evolved c r i t e r i a ,  
except the ass im ila te  composition from Faure e t a l . re la ted  to Solo 
Nunatak. Table 5 gives the re s u l ts  o f the proposed ass im ila te  
compositions determined from the graphical analogies.
Table 5: Values o f R a
compositions.
Solo Nunatak, D =0.4 
Storm Peak, Do=0.4 
Storm Peak, D0=1.5
Fe re la ted  to  proposed
Mensing et a l .




ass im ila te
Faure et a l .




The ass im ila te  composition selected by Faure e t a l . fo r  Storm Peak l ie s  
on the t ra je c to ry  o f  the data array. This would in d ica te  th a t  simple
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two-component mixing was more important in changing the compositions 
than a s s im ila t io n ,  or fo r  AFC, D0 was equal to  1.0, or R was less than 
1.0 .
The l in e a r  trends between i n i t i a l  ^ S r / ^ S r  ra t io s  and 1/Sr o f  the 
data arrays o f  the Colorado and K irk p a tr ic k  Basalt (Figures 7 and 9) may 
occur when a magma undergoes f ra c t io n a l c r y s ta l l iz a t io n  along w ith  the 
a ss im ila t io n  o f  c rus ta l materia l during the emplacement process. The 
87S r /86Sr r a t io  o f  the melt increases during the AFC process, because the 
contaminant is  enriched in 87Sr compared to the magma. I f  the 
d is t r ib u t io n  c o e f f ic ie n t ,  D0, is  not equal to  1.0, the Sr concentration 
o f  the contaminant w i l l  not l i e  on the t ra je c to ry  o f  the magma evo lu tion  
l in e .  Mensing et a l . (1984) concluded th a t the l in e a r  c o r re la t io n  
between ^ S r / ^ S r  ra t io s  and 1/Sr can not be used to  determine the Sr 
concentration o f  the contaminant in  igneous rocks. However, as shown 
here, l im i t s  can be placed on the value o f  R and the amount o f  
c r y s ta l l iz a t io n .
Mensing e t a l . (1984) concluded th a t s im i la r i t y  o f  the chemical 
and is o to p ic  compositions between Solo Nunatak and Storm Peak ind ica tes  
th a t  Solo Nunatak is  g e n e t ic a l ly  re la ted  to  Storm Peak, but is  less 
evolved. The data suggests th a t  the two su ites  o f  rocks were generated 
from s im i la r  sources and under s im i la r  te c to n ic  cond it ions . E l l i o t  
(1976) proposed th a t  the Ferrar magmas, o f  which the K irk p a tr ic k  Basalts 
are a p a r t ,  were formed in  a back-arc basin th a t extended approximately 
4000 km along the P a c if ic  edge o f  the A n ta rc t ic  P late . Because the
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i n i t i a l  87S r /86Sr r a t io  o f  both areas were high before contamination, 
Mensing et a l . (1984) conclude th a t  the source region had been enriched 
in  radiogenic 87Sr by p r io r  enrichment in Rb.
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CONCLUSIONS
Construction o f  a graphical analogy using the equations o f  Taylor 
and DePaolo can give useful in form ation about the possib le ass im ila te  
composition. Add it iona l techniques, such as heat and mass balances, can 
fu r th e r  l im i t  the possible composition o f  the ass im ila te . The fo l low ing  
conclusions were drawn from the graphical analogies using actual sample 
data from the Colorado Basalts and the K irk p a tr ic k  Basalts.
1. The app lica t ion  o f the selected actual data to the graphical 
analogy theory is  inconc lus ive . The analogy appears to  work 
fo r  the Solo Nunatak form ation, but not fo r  the Colorado 
Basalts and the Storm Peak formation.
2. The theory can ind ica te  i f  AFC is  a p o s s ib i l i t y .  The lack o f 
c o r re la t io n  o f  the actual data w ith  the theory could be an 
in d ic a t io n  th a t another type o f  process was responsib le fo r  
the evo lu tion  o f  the samples. One l im i ta t io n  to  the graphical 
analogy is  the assumption th a t bulk a ss im ila t io n  occurred. I t  
is  more l i k e l y  th a t  the process was p a r t ia l  a s s im ila t io n ,  but 
th a t  cannot be determined from the analogy.
3. L im its  on the ass im ila te  composition re la ted  to  the maximum 
amount o f  c r y s ta l l iz a t io n  producing the most evolved end 
member, by ju s t  f ra c t io n a l  c rys ta l 1iz a t io n ,  can be determined 
using mass balance ca lcu la t io n s  o f  the major elements. The 
mass balance c a lc u la t io n  using Si02 does not appear to  work
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fo r  the Colorado Basalt. Schoendaller (1988) obtained good 
c o r re la t io n  between ^ S r / ^ S r  and Si02; however, Leet et a l . 
(1988, 1989) d id not. Another element could poss ib ly  give 
b e tte r  re s u l ts .  The l im i t s  placed on the Solo Nunatak 
formation by mass balance ca lcu la t ions  w ith  Si02 gives a 
reasonable maximum c r y s ta l l iz a t io n ,  but fo r  Storm Peak, fo r  
D0 = 0.4, i t  does not.
4. Calcu la tions o f  heat produced by the formation o f  c ry s ta ls  and 
the heat required to ass im ila te  the country rock can be used 
to p re d ic t  a value o f  R. The c rys ta l composition can be 
assumed to  be th a t  o f  the phenocrysts.
5. Neither ass im ila te  compositions proposed by Mensing et a l . 
(1984) nor Faure e t a l . (1972) re la te  p o s i t iv e ly  w ith  the 
graphical analogies o f  the data arrays. I f  these values were 
used w ith  the s ta r t in g  m ateria l compositions proposed by them, 
perhaps a b e tte r  c o r re la t io n  would e x is t .
6. Construction o f  a graphical analogy can g ive l im i t s  to  the Sr 
content and the Sr iso to p ic  r a t io  o f  a possib le a ss im ila te ; 
however, th is  assumes th a t AFC is  the c o n t ro l l in g  fa c to r  fo r  
generating the data array and i t  assumes th a t  only one type o f 
country rock was ass im ila ted.
7. The graphical analogy can be used to  evaluate the conclusion 
by others concerning a s s im i la t io n / f ra c t io n a l  c r y s ta l l i z a t io n .
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I t  is  recommended th a t the graphical analogy be evaluated using 
other areas o f  b a s a lt ic  flows, such as, the Cascades and the Taos 
p lateau. The data used should cons is t o f  a systematic sampling o f  
successive flows, ra the r than random samples over an area. Possibly the 
sampling o f  a s t ra t ig ra p h ic  sequence in  the Colorado Basalts would show 
b e tte r  c o r re la t io n  w ith  the analogy.
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Calculation of array of possible assimilate compositions:
1) Given: Cm, C0, em, ec, x, « 0.0
2) Select value o f  Dc
3) Select range o f  values o f  R
4) Calcu late:
Slope o f the data array l in e
C C° J I  o
y 19 in te rce p t o f  the data array
V i = ea -  ( s d *  - A . ) ,
° o
Value o f  Lambda
X = 1 -  [R *  ( 1 -  D a) ] #
Slope o f  the possib le ass im ila te  composition l in e s
S a = X *  Sd ,
Values o f  x2 and y2
(3̂ 2 ~ yJ , „  vx 2 =  ---------—  / y2 = (S a *  x 2 ) +  y2 .
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Calculation of assimilate po ss ib ilit ies  related to fraction of 
evolution, E:
1) Given: Cm, C0, eB, e0
2) Select value o f  Dc
3) Select values o f  f ra c t io n  o f  evo lu tion  and various values o f  R 
fo r  each FE value
4) Calcu late:
Values o f X and z
R  *  D .
X = 1 -  R  ( 1  -  D 0) , z  = 1 -  R _ °
Values o f  f c(max) re la ted  to  values o f  R
f  = Rc (ira x ) R -  1
Value o f  f c re la ted  to  FE
~ ^E  *  ^ c (m a x )
Value o f  f L re la ted  to  f c
1 
R
f L = [1 -  f c ( 1 -  - ± > ]
Calculate value o f Ca and 1/Ca
= X * lc m -  (Ca * t L- )  3
'a  ^  - z
i  -  £l
Calculate value o f  e
-  (C, • tL-1
Where negative values o f  Ca and ea are ca lcu la ted  fo r  values o f  R, the 
maximum value o f  R is  determined by t r i a l  and e r ro r .
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Calculation of the fractional c rys ta ll iza tion  vector:
1) Given: Cm> C0> em, eD
2) Select value o f  D0
3) Select in te rv a ls  o f  c rys ta l 1iz a t io n ,  which is  equal to  f c
4) Calcu late:
Value o f  f L
fL =  1  -  f c
Value o f  1/CX
l  = _______ l _______
C , " C0 *
Calculation of maximum crys ta lliza tion  line :
1) Given: C., C0, em) e0
2) Select value o f  Cc from ty p ic a l phenocryst composition
3) Calcu late:
Value o f  f c fo r  f ra c t io n a l c r y s ta l l iz a t io n  alone 
eo = fcCc + fLCm ; fL = 1 - fc
f  _ Co -  Cm 
c c  -  c
or each example 1/Ca and €a are ca lcu la ted  by se lec t ing  values o f  R, 
c a lc u la t in g  the corresponding value o f  f L, then the corresponding values 
o f  1/Ca and ea.
APPENDIX B
CENOZOIC FLOOD BASALTS OF COLORADO
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Petrographic Descrip tion
The Cenozoic Flood Basalts compare w ith  other b a s a lt ic  magmas, 
which when generated by p a r t ia l  m elting o f the upper mantle, provide 
worldwide con tinen ta l f lood  basa lt provinces w ith  large volumes o f 
r e la t i v e ly  homogeneous magma. The dominant rock type in these provinces 
is  t h o l e i i t i c ,  but minor amounts o f  a lk a l i  basalts are present 
(Schoendaller, 1988). Most o f  the samples o f  the Colorado Basalts are 
aphyric , w ith  o l iv in e / id d in g s i te  and la b ra d o r ite  p lag ioclase 
microphenocrysts, comprising usua lly  <5% o f the to ta l  rock. A few 
samples contain as much as 15% microphenocrysts. Some p lag ioclase 
grains have been resorbed and are mantled w ith  fresh p lag ioc lase . Much 
o f the p lag ioclase is  zoned. Fe-Ti oxides occur as microphenocrysts 
w ith in  the groundmass and as inc lus ions in the o l iv in e / id d in g s i te .  
C ry p to c rys ta l l in e  ferromagnesian minerals (o liv ine /pyroxene) are present 
in  the groundmass along w ith  varying amounts o f  g lass. Secondary 
a l te ra t io n  o f  groundmass minerals include id d in g s ite ,  c a lc i te ,  
serpentine, and ch lo ropha ite . Quartz xenocrysts are ra re , occurring in 
three o f  the a lk a l i  basalts and one o f  the o l iv in e  th o le i i t e s .  Several 
samples are ve s icu la r  or m icroves icu la r. The te x tu ra l groups are 
inequ ig ranu la r, in te rg ra n u la r ,  p i l o t a x i t i c ,  supoph itic  and p o i k i l i t i c .  
Schoendaller (1988) gives complete sample de sc r ip t io n s .
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Chemical Composition
The Colorado Basalts f a l l  in to  two c la s s i f ic a t io n s :  t h o le i i t e s  and
o l iv in e  th o le i i t e s ,  and a lk a l i  basa lts . Table B1 gives the strontium , 
rubidium, and i n i t i a l  s trontium  ra t io s  o f  the samples. A more d e ta iled  
chemical analyses can be found in Schoendaller (1984). The data in 
Table B1 is  p lo tted  in Figure 8.
Table B l: Rubidium and strontium  analysis fo r  the Colorado Basalts.
Sample Sr Rb 87S r /86Src 1/Sr
SSLn~.No. ppm ppm
3 641 28.2 0.70586
4 909 11.2 0.70524
5 618 30.7 0.70652
6 936 42.4 0.70526
7 608 29.8 0.70648
8 825 19.0 0.70593
9 594 27.1 0.70573
10 1730 36.4 0.70404
11 736 30.2 0.70547
12 546 30.3 0.70648
21 500 35.5 0.70700
22 388 28.8 0.70775
31 856 56.6 0.70487
32 1432 53.2 0.70462
33 784 53.5 0.70570



















Major element data fo r  the data array end members is  given in Table 
B2 from Schoendaller (1988). This data can be used to  ca lcu la te  an 
amount o f  c r y s ta l l iz a t io n  required to  produce the most evolved sample 
from the le a s t evolved sample using f ra c t io n a l c rys ta l 1iz a t io n  alone.
Table B2: Major element data fo r  data array end members o f  the Colorado





















The fo l lo w in g  tab les are from Lotus® 123 spreadsheets fo r  
ca lcu la t in g  the data fo r  the f ig u re s  fo r  the Colorado Basalts. The data 
from Lotus® was imported in to  Graphwriter® and Freelance® Plus to make 
the f in a l  f ig u re s .
Table B3: Spreadsheet ca lcu la t io n s  to  generate the array o f  possib le
ass im ila te  compositions in  Figure 9, 15, and 16 fo r  the 
Colorado Basalts.
GIVEN: Co = 1730 1/Co = 0.00057 Eo = 0.70406
Cm = 388 1/Cm = 0.00257 Em = 0.70775
CALCULATED: Data slope = 1.8457
In te rc e p t = 0.7030
x1 x2 yi y2 Do R LAM Sa
0 0.00350 0.7030 0.70558 0 .4 1 0 .4 0.73826
0 0.00350 0.7030 0.70170 0 .4 2 -0 .2 -0 .36913
0 0.00350 0.7030 0.69783 0 .4 3 -0 .8 -1 .47653
0 0.00350 0.7030 0.69007 0 .4 5 -2 .0 -3 .69132
0 0.00350 0.7030 0.67069 0 .4 10 -5 .0 -9 .22830
x1 x2 yi y2 Do R LAM Sa
0 0.00614 0.7030 0.72000 1.5 1 1 .5 2.76849
0 0.00461 0.7030 0.72000 1.5 2 2 .0 3.69132
0 0.00369 0.7030 0.72000 1.5 3 2 .5 4.61415
0 0.00263 0.7030 0.72000 1.5 5 3 .5 6.45981
0 0.00154 0.7030 0.72000 1.5 10 6 .0 11.07396
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Table B4: Spreadsheet ca lcu la t ions  used to  generate the ass im ila te
p o s s ib i l i t ie s  re la ted  to  the f ra c t io n  o f  e vo lu t ion , and the 
f ra c t io n a l c r y s ta l l i z a t io n  vector fo r  the Colorado Basalts 















1/Ca Ea FI Ca R LAM Z FE fc fcMax
0.001718213 0.707750000 0.0100 582.00 1.0000001 1.50000 -15000000.49 0 .9 9 9.90E+06 10000000
0.001472755 0.707750002 0.0100 679.00 1.5 1.75 -3 .5 0 0 .9 9 2.9700 3
0.001289106 0.707751646 0.0100 775.73 2 2 -2 .0 0 0 .9 9 1.9800 2
0.001149455 0.707766527 0.0100 869.98 2 .5 2 .25 -1 .5 0 0 .9 9 1.6500 1.666666
0.001042365 0.707802773 0.0100 959.36 3 2 .5 -1 .2 5 0 .9 9 1.4850 1.5
0.000785569 0.708067773 0.0100 1272.96 5 3 .5 -0 .8 8 0 .9 9 1.2375 1.25
0.000000084 0.710718793 0.0100 1.19E+07 100000 50001 -0 .5 0 0 .9 9 0.9900 1.000010
0.001718213 0.707750000 0.0500 582.00 1.0000001 1.50000 -15000000.49 0 .95 9.50E+06 10000000
0.001299928 0.707791596 0.0500 769.27 2 2 -2 .0 0 0 .95 1.9000 2
0.001010409 0.709520196 0.0500 989.70 5 3 .5 -0 .8 8 0 .95 1.1875 1.25
0.000940234 0.713405255 0.0500 1063.57 10 6 -0 .6 7 0 .95 1.0556 1.111111
0.000841301 0.782183700 0.0500 1188.63 100 51 -0 .5 2 0 .95 0.9596 1.010101
0.000535735 1.198374464 0.0500 1866.59 1000 501 -0 .5 0 0 .95 0.9510 1.001001
0.000013186 1.919831400 0.0500 7.58E+04 100000 50001 -0 .5 0 0 .95 0.9500 1.000010
0.001718213 0.707750000 0.1000 582.00 1.0000001 1.50000 -15000000.49 0 .9 0 9E+06 10000000
0.001474367 0.707755210 0.1000 678.26 1.5 1.75 -3 .5 0 0 .9 0 2.7000 3
0.001335312 0.707922207 0.1000 748.89 2 2 -2 .0 0 0 .9 0 1.8000 2
0.001291327 0.708355685 0.1000 774.40 2 .5 2 .25 -1 .5 0 0 .9 0 1.5000 1.666666
0.001298545 0.708984824 0.1000 770.09 3 2 .5 -1 .2 5 0 .90 1.3500 1.5
0.001574141 0.713161798 0.1000 635.27 5 3 .5 -0 .8 8 0 .9 0 1.1250 1.25
0.002171790 0.720630044 0.1000 4.60E+02 6 .8 4 .4 -0 .7 6 0 .9 0 1.0552 1.172413
0.001718156 0.707750000 0.2000 582.02 1.0001 1.50005 -15000.50 0 .8 0 8E+03 10001
0.001586200 0.707750471 0.2000 630.44 1.25 1.625 -6 .5 0 0 .8 0 4 .0000 5
0.001491274 0.707809818 0.2000 670.57 1 .5 1.75 -3 .5 0 0 .8 0 2.4000 3
0.001466990 0.708069827 0.2000 681.67 1.75 1.875 -2 .5 0 0 .8 0 1.8667 2.333333
0.001505646 0.708550966 0.2000 664.17 2 2 -2 .0 0 0 .8 0 1.6000 2
0.002212425 0.713201603 0.2000 451.99 3 2 .5 -1 .2 5 0 .8 0 1.2000 1.5
0.003229157 0.719382938 0.2000 3.10E+02 3 .5 2 .75 -1 .1 0 0 .8 0 1.1200 1.4
0.001718156 0.707750000 0.3000 582.02 1.0001 1.50005 -15000.50 0 .7 0 7E+03 10001
0.001706834 0.707750000 0.3000 585.88 1.02 1.51 -7 5 .5 0 0 .7 0 35.7000 51
0.001690046 0.707750000 0.3000 591.70 1.05 1.525 -3 0 .5 0 0 .7 0 14.7000 21
0.001662787 0.707750000 0.3000 601.40 1.1 1.55 -1 5 .5 0 0 .7 0 7.7000 11
0.001553403 0.708010489 0.3000 643.75 1 .5 1.75 -3 .5 0 0 .7 0 2.1000 3
0.001958674 0.710223237 0.3000 510.55 2 2 -2 .0 0 0 .7 0 1.4000 2

















1/Ca Ea FI Ca R LAM Z FE fc fcMax
0.001718213 0.707750000 0.4000 582.00 1,.0000001 1.50000 -15000000.49 0 .60 6E+06 10000000
0.001706834 0.707750000 0.4000 585.88 1.02 1.51 -7 5 .5 0 0 .60 30.6000 51
0.001690046 0.707750000 0.4000 591.70 1.05 1.525 -3 0 .5 0 0 .60 12.6000 21
0.001673584 0.707750000 0.4000 597.52 1.08 1.54 -1 9 .2 5 0 .60 8.1000 13.5
0.001662791 0.707750011 0.4000 601.40 1.1 1.55 -1 5 .5 0 0 .60 6.6000 11
0.001724348 0.708562625 0.4000 579.93 1.5 1.75 -3 .5 0 0 .6 0 1.8000 3
0.004427780 0.719541799 0.4000 225.85 2 .05 2.025 -1 .9 3 0 .60 1.1714 1.952380
0.001712505 0.707750000 0.6000 583.94 1.01 1.505 -1 5 0 .5 0 0 .40 4E+01 101
0.001706834 0.707750000 0.6000 585.88 1.02 1.51 -7 5 .5 0 0 .4 0 20.4000 51
0.001690047 0.707750003 0.6000 591.70 1.05 1.525 -3 0 .5 0 0 .4 0 8.4000 21
0.001673895 0.707750883 0.6000 597.41 1.08 1.54 -1 9 .2 5 0 .4 0 5.4000 13.5
0.001664885 0.707756002 0.6000 600.64 1.1 1.55 -1 5 .5 0 0 .4 0 4.4000 11
0.004828284 0.718588043 0.6000 207.11 1.5 1.75 -3 .5 0 0 .4 0 1.2000 3
0.030415891 0.804040447 0.6000 32 .88 1 .6 1 .8 -3 .0 0 0 .4 0 1.0667 2.666666
FRACTIONAL CRYSTALLIZATION 
%
XLN fL 1/Cx Eo
99% 0.01 0.0057803 0.70406
95% 0 .05 0.0025850 0.70406
90% 0 .1  0.0018279 0.70406
80% 0 .2  0.0012925 0.70406
70% 0 .3  0.0010553 0.70406
60% 0 .4  0.0009139 0.70406
40% 0 .6  0.0007462 0.70406
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Table B5: Spreadsheet ca lcu la t io n s  used to  generate the ass im ila te
p o s s ib i l i t ie s  re la ted  to  the f ra c t io n  o f  evo lu t ion , and the 
f ra c t io n a l  c r y s ta l l iz a t io n  vector fo r  the Colorado Basalts 















1/Ca Ea FI Ca R LAM Z FE fc fcMAX
0.00644330 0.70775000 0.0100 155.20 1.0000001 0.39999 -3999999.40 0 .99 9.9E+06 1 .0E+07
0.00696573 0.70775000 0.0100 143.56 1.05 0 .3 7 -7 .4 0 0 .9 9 20.7900 21.0000
0.00732193 0.70775000 0.0100 136.58 1 .08 0.352 -4 .4 0 0 .9 9 13.3650 13.5000
0.00758036 0.70775000 0.0100 131.92 1.1 0 .34 -3 .4 0 0 .9 9 10.8900 11.0000
0.00925553 0.70777626 0.0100 108.04 1.2 0 .2 8 -1 .4 0 0 .99 5.9400 6.0000
0.04621106 0.71663953 0.0100 21.64 1 .4 0 .1 6 -0 .4 0 0 .99 3 .4650 3.5000
0.11642061 0.73479433 0.0100 8 .5 9 1.42 0 .148 -0 .3 5 0 .99 3.3471 3.3810
0.00644427 0.70775000 0.0500 155.18 1.0001 0.39994 -3999 .40 0.95 9.5E+03 1.0E+O4
0.00664258 0.70775000 0.0500 150.54 1.02 0 .388 -1 9 .4 0 0.95 48.4500 51.0000
0.00696573 0.70775000 0.0500 143.56 1.05 0 .3 7 -7 .4 0 0.95 19.9500 21.0000
0.00732198 0.70775003 0.0500 136.58 1 .08 0.352 -4 .4 0 0.95 12.8250 13.5000
0.00758134 0.70775062 0.0500 131.90 1.1 0 .34 -3 .4 0 0.95 10.4500 11.0000
0.02064397 0.71137553 0.0500 48.44 1 .3 0 .22 -0 .7 3 0.95 4.1167 4.3333
0.08850921 0.73403115 0.0500 11.30 1.35 0 .19 -0 .5 4 0.95 3.6643 3.8571
ERR ERR 0.1000 ERR 1.0001 0.39994 -3999 .40 0 .90 9.0E+03 1.0E+04
0.00696573 0.70775000 0.1000 143.56 1.05 0 .3 7 -7 .4 0 0 .90 18.9000 21.0000
0.00759081 0.70775656 0.1000 131.74 1.1 0 .34 -3 .4 0 0 .9 0 9.9000 11.0000
0.00857038 0.70789673 0.1000 116.68 1.15 0.31 -2 .0 7 0 .90 6.9000 7.6667
0.01074570 0.70854636 0.1000 93 .06 1 .2 0 .2 8 -1 .4 0 0 .9 0 5.4000 6.0000
0.05423617 0.72501548 0.1000 18.44 1 .3 0 .22 -0 .7 3 0 .90 3.9000 4.3333
5.32109971 2.74574875 0.1000 0 .1 9 1.32 0.208 -0 .6 5 0 .9 0 3.7125 4.1250
0.00644330 0.70775000 0.2000 155.20 1.0000001 0.39999 -3999999.40 0 .8 0 8.0E+06 1.0E+07
0.00696589 0.70775011 0.2000 143.56 1.05 0 .3 7 -7 .4 0 0 .8 0 16.8000 21.0000
0.00769264 0.70782046 0.2000 129.99 1.1 0 .34 -3 .4 0 0 .8 0 8.8000 11.0000
0.00821100 0.70796389 0.2000 121.79 1.12 0 .328 -2 .7 3 0 .80 7.4667 9.3333
0.00954425 0.70845393 0.2000 104.78 1.15 0.31 -2 .0 7 0 .80 6.1333 7.6667
0.01549721 0.71100187 0.2000 64 .53 1 .2 0 .28 -1 .4 0 0 .80 4 .8000 6.0000
0.07619048 0.73814857 0.2000 13.13 1.25 0 .25 -1 .0 0 0 .80 4.0000 5.0000
0.00644330 0.70775000 0.3000 155.20 1.0000001 0.39999 -3999999.40 0 .70 7.0E+06 1.0E+07
0.00696899 0.70775222 0.3000 143.49 1.05 0 .3 7 -7 .4 0 0 .70 14.7000 21.0000
0.00745155 0.70783421 0.3000 134.20 1 .08 0 .352 -4 .4 0 0 .7 0 9.4500 13.5000
0.00805284 0.70804650 0.3000 124.18 1.1 0 .34 -3 .4 0 0.70 7.7000 11.0000
0.01210712 0.70992029 0.3000 82 .60 1.15 0.31 -2 .0 7 0.70 5.3667 7.6667
0.04319241 0.72531432 0.3000 23.15 1 .2 0 .2 8 -1 .4 0 0 .7 0 4.2000 6.0000

















1/Ca Ea FI Ca R LAM Z FE fc fcMAX
0.00644330 0.70775000 0.4000 155.20 1.0000001 0.39999 -3999999.40 0 .6 0 6.0E+06 1.0E+07
0.00664258 0.70775000 0.4000 150.54 1.02 0 .388 -1 9 .4 0 0 .6 0 30.6000 51.0000
0.00685888 0.70775299 0.4000 145.80 1.04 0.376 -9 .4 0 0 .6 0 15.6000 26.0000
0.00717656 0.70781451 0.4000 139.34 1 .06 0 .364 -6 .0 7 0 .6 0 10.6000 17.6667
0.00903022 0.70865983 0.4000 110.74 1.1 0 .34 -3 .4 0 0 .6 0 6.6000 11.0000
0.02147498 0.71528015 0.4000 4 6 .57 1.15 0.31 -2 .0 7 0 .6 0 4 .6000 7.6667
0.06561752 0.73908322 0.4000 15.24 1 .17 0.298 -1 .7 5 0 .6 0 4.1294 6.8824
0.00645298 0.70775000 0.6000 154.97 1.001 0.3994 -3 9 9 .4 0 0 .4 0 4.0E+02 1.0E+03
0.00664372 0.70775082 0.6000 150.52 1.02 0.388 -1 9 .4 0 0 .4 0 20.4000 51.0000
0.00705675 0.70789030 0.6000 141.71 1.04 0 .376 -9 .4 0 0 .40 10.4000 26.0000
0.00757781 0.70816799 0.6000 131.96 1.05 0 .3 7 -7 .4 0 0 .4 0 8.4000 21.0000
0.01238028 0.71103627 0.6000 80 .77 1 .08 0 .352 -4 .4 0 0 .40 5.4000 13.5000
0.01710599 0.71391700 0.6000 58.46 1 .09 0 .346 -3 .8 4 0 .40 4.8444 12.1111
0.02906367 0.72123130 0.6000 34.41 1.1 0 .34 -3 .4 0 0 .40 4 .4000 11.0000
FRACTIONAL CRYSTALLIZATION 
%
XLN ' fL  1/Cx Eo
99% 0.01 0.0000578 0.70406
95% 0.05 0.0001292 0.70406
90% 0.1 0.0001827 0.70406
80% 0 .2 0.0002585 0.70406
70% 0 .3 0.0003166 0.70406
60% 0 .4 0.0003655 0.70406
40% 0 .6 0.0004477 0.70406
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APPENDIX C




The tex tu re  o f  the Solo Nunatak basalts ranges from very f in e  
grained to  f in e  grained and contain abundant phenocrysts. The 
phenocrysts are mainly pyroxene w ith  lesser amounts o f  p lag ioc lase . The 
pyroxene consists o f  aug ite , p igeon ite , and hypersthene. The 
p lag ioc lase is  la b ra d o r ite .  Most o f  the samples are unaltered as 
observed in  th in  section , and a few samples are ve s icu la r  w ith  the 
ves ic les  conta in ing z e o l i te s .  A few vesic les contain p o lyc rys ta l 1ine 
quartz . (Mensing e t a l . ,  1984)
Chemical Composition
The basalts o f  Solo Nunatak are more com posit iona lly  s im i la r  to  an 
average t h o le i i t e  than those from Storm Peak. Table Cl gives the 
s tron tium , rubidium, and i n i t i a l  strontium ra t io s  o f  23 flows on Solo 
Nunatak. More de ta i le d  chemical analyses can be found in  Mensing et a l . 
(1984).
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1 169.6 14.6 0.71207 0.00590 1-1-1
2 257.8 29.9 0.71165 0.00388 1-2-1
3 55.8 53.4 0.71030 0.01792 1-3-1
4 265.2 16.1 0.71168 0.00377 1-4-1
5 122.3 5.1 0.71077 0.00818 1-5-5
6 107.6 18.9 0.71037 0.00929 I-6-X
7 113.6 5.1 0.71022 0.00880 1-7-2
8 98.8 6.3 0.71049 0.01012 1-8-1
9 228.9 9.6 0.71065 0.00437 1-9-1
10 132.1 3.0 0.71060 0.00757 1-10-2
11 112.1 13.8 0.71030 0.00892 I - i l - 1
12 115.4 34.9 0.71065 0.00867 1-12-1
13 139.7 23.0 0.71112 0.00716 1-13-1
14 160.3 18.9 0.71125 0.00624 1-14-1
15 103.4 13.7 0.71100 0.00967 1-15-1
16 108.3 18.9 0.71067 0.00923 1-16-1
17 109.2 20.3 0.71065 0.00916 1-17-1
18 142.0 21.3 0.71096 0.00704 1-18-1
19 106.1 14.0 0.71084 0.00943 1-19-1
20 138.3 14.1 0.71110 0.00723 1-20-1
21 95.3 22.3 0.71046 0.01049 1-21-1
22 111.2 15.3 0.71094 0.00899 1-22-1
23 116.7 26.4 0.71053 0.00857 I-23-X
From Mensing, e t a l . (1984).
Sample 1-3-1 was excluded from the graphical d is t r ib u t io n  in 
Figure 14 because o f i t s  d is s im i la r i t y  w ith  the other samples. The 
i n i t i a l  87S r /86Sr ra t io s  were ca lcu la ted  assuming an age o f  175±5 Ma 
(Fleck et a l . ,  1982). The i n i t i a l  ra t io s  range from 0.70985 to 0.71207.
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Table C2: Major element data fo r  the leas t evolved and most evolved








Al P0, 15.3 13.9








From Mensing , e t a l . (1984).
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The fo l lo w in g  tab les are from Lotus® 123 spreadsheets used to  
ca lcu la te  the data to  produce the f igu res  fo r  Solo Nunatak. The data 
from Lotus® was imported in to  Graphwriter® and Freelance® Plus to  make 
the f in a l  f ig u re .
Table C3: Spreadsheet ca lcu la t io n s  used to generate o f  the array o f  
possib le ass im ila te  compositions fo r  the Solo Nunatak 
loca tion  o f  the K irk p a tr ic k  Basalts.
GIVEN: Co = 95 .3 1/Co = 0.01049 Eo = 0.71046
Cm = 265.2 1/Cm = 0.00377 Em = 0.71168
CALCULATED: Data slope = -0.1815
In te rc e p t = 0.7124
X1 x2 yi y2 Do R LAM Sa
0 0.01100 0.7124 0.71157 0 .4 1 0 .4 -0 .07259
0 0.01100 0.7124 0.71276 0 .4 2 -0.2 0.03630
0 0.01100 0.7124 0.71396 0 .4 3 -0.8 0.14519
0 0.01100 0.7124 0.71636 0 .4 5 -2 .0 0.36296
0 0.00841 0.7124 0.72000 0 .4 10 -5 .0 0.90741
x1 x2 yi y2 Do R LAM Sa
0 0.00251 0.7124 0.71168 1.5 1 1 .5 -0 .27222
0 0.00189 0.7124 0.71168 1.5 2 2 .0 -0 .36296
0 0.00151 0.7124 0.71168 1.5 3 2 .5 -0 .45370
0 0.00108 0.7124 0.71168 1.5 5 3 .5 -0 .63519
0 0.00063 0.7124 0.71168 1.5 10 6.0 -1 .08889
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Table C4: Spreadsheet ca lcu la t io n s  used to  generate the ass im ila te  
p o s s ib i l i t ie s  re la ted  to the f ra c t io n  o f  e vo lu t ion , and the 
f ra c t io n a l c r y s ta l l i z a t io n  vector fo r  the Solo Nunatak 















1/Ca Ea FI Ca R LAM 2 FE fc fcMAX
0.00957040 0.71168000 0.0100 104.49 1.01 0 .394 -3 9 .4 0 0 .9 9 1.0E+02 1.0E+02
0.01019119 0.71168000 0.0100 98 .12 1.05 0 .3 7 -7 .4 0 0 .9 9 20.7900 21.0000
0.01071233 0.71168000 0.0100 93.35 1.08 0 .352 -4 .4 0 0 .9 9 13.3650 13.5000
0.01109041 0.71168000 0.0100 90 .17 1.1 0 .34 -3 .4 0 0 .9 9 10.8900 11.0000
0.01498598 0.71168440 0.0100 66.73 1.25 0 .25 -1 .0 0 0 .9 9 4 .9500 5.0000
0.02648472 0.71188367 0.0100 37 .76 1 .5 0.1 -0 .2 0 0 .9 9 2.9700 3.0000
0.29280578 0.72299210 0.0100 3 .4 2 2 -0 .2 0 .2 0 0 .9 9 1.9800 2.0000
0.00957040 0.71168000 0.0500 104.49 1.01 0 .394 -3 9 .4 0 0 .95 9.6E+01 1.0E+02
0.01019119 0.71168000 0.0500 98 .12 1.05 0 .3 7 -7 .4 0 0 .95 19.9500 21.0000
0.01109014 0.71168002 0.0500 90 .17 1.1 0 .3 4 -3 .4 0 0 .95 10.4500 11.0000
0.01333607 0.71168665 0.0500 74 .98 1 .2 0 .2 8 -1 .4 0 0 .95 5 .7000 6.0000
0.02117511 0.71198003 0.0500 47.23 1.5 0.1 -0 .2 0 0 .95 2.8500 3.0000
0.04474166 0.71398828 0.0500 22.35 2 -0 .2 0 .2 0 0 .95 1.9000 2.0000
0.52621772 0.76011377 0.0500 1.90 2 .5 -0 .5 0 .33 0 .95 1.5833 1.6667
0.00942685 0.71168000 0.1000 106.08 1 .0000001 0.39999 -3999999.40 0 .90 9.0E+06 1.0E+07
0.01019119 0.71168000 0.1000 98.12 1.05 0 .3 7 -7 .4 0 0 .90 18.9000 21.0000
0.01108758 0.71168017 0.1000 90.19 1.1 0 .34 -3 .4 0 0 .90 9.9000 11.0000
0.01799596 0.71203773 0.1000 55 .57 1.5 0.1 -0 .2 0 0 .90 2.7000 3.0000
0.02561733 0.71329414 0.1000 39.04 2 -0 .2 0 .2 0 0 .9 0 1.8000 2.0000
0.07320145 0.72299210 0.1000 13.66 3 -0 .8 0 .4 0 0 .9 0 1.3500 1.5000
0.58587461 0.82932240 0.1000 1.71 3 .5 -1 .1 0 .4 4 0 .9 0 1.2600 1.4000
0.00944101 0.71168000 0.2000 105.92 1.001 0.3994 -3 9 9 .4 0 0 .8 0 8.0E+02 1.0E+03
0.01419956 0.71287971 0.2000 70.42 2 -0 .2 0 .2 0 0 .8 0 1.6000 2.0000
0.01348226 0.71432175 0.2000 74 .17 3 -0 .8 0 .4 0 0 .8 0 1.2000 1.5000
0.01186184 0.71666973 0.2000 84.30 5 -2 0 .5 0 0 .8 0 1.0000 1.2500
0.00898451 0.72051694 0.2000 111.30 10 -5 0 .5 6 0 .8 0 0 .8889 1.1111
0.00165188 0.73005173 0.2000 605.37 100 -59 0 .6 0 0 .80 0.8081 1.0101
0.00000182 0.73218382 0.2000 5.49E+05 100000 -59999 0 .60 0 .80 0.8000 1.0000
0.00944101 0.71168000 0.3000 105.92 1.001 0.3994 -39 9 .40 0 .70 7.0E+02 1.0E+03
0.00945650 0.71270756 0.3000 105.75 2 -0 .2 0 .2 0 0 .70 1.4000 2.0000
0.00697029 0.71337630 0.3000 143.47 3 -0 .8 0 .40 0 .70 1.0500 1.5000
0.00452676 0.71400737 0.3000 220.91 5 -2 0 .50 0 .70 0.8750 1.2500
0.00240502 0.71454666 0.3000 415.80 10 -5 0 .5 6 0 .70 0 .7778 1.1111
0.00025445 0.71508883 0.3000 3930.04 100 -59 0 .60 0 .7 0 0.7071 1.0101

















1/Ca Ea FI Ca R LAN Z FE fc fcMAX
0.00942685 0.71168000 0.4000 106.08 1.0000001 0.39999 -3999999.40 0 .6 0 6.0E+06 1.0E+07
0.00667155 0.71260647 0.4000 149.89 2 -0 .2 0 .20 0 .6 0 1.2000 2.0000
0.00433303 0.71299341 0.4000 230.79 3 -0 .8 0 .40 0 .60 0.9000 1.5000
0.00320139 0.71317771 0.4000 312.36 4 -1 .4 0 .4 7 0 .6 0 0.8000 1.3333
0.00124467 0.71349375 0.4000 803.43 10 -5 0 .5 6 0 .60 0 .6667 1.1111
0.00012231 0.71367395 0.4000 8175.88 100 -59 0 .6 0 0 .6 0 0.6061 1.0101
0.00000001 0.71369355 0.4000 8.19E+07 1000000 -599999 0 .6 0 0 .6 0 0.6000 1.0000
0.00942685 0.71168000 0.6000 106.08 1.0000001 0.39999 -3999999.40 0 .4 0 4.0E+06 1.0E+07
0.00336884 0.71248660 0.6000 296.84 2 -0 .2 0 .2 0 0 .4 0 0.8000 2.0000
0.00191091 0.71264176 0.6000 523.31 3 -0 .8 0 .4 0 0 .4 0 0.6000 1.5000
0.00102342 0.71273578 0.6000 977.12 5 -2 0 .50 0 .4 0 0.5000 1.2500
0.00047344 0.71279392 0.6000 2112.20 10 -5 0 .5 6 0 .4 0 0.4444 1.1111
0.00004435 0.71283923 0.6000 22546.45 100 -59 0 .6 0 0 .40 0.4040 1.0101
0.00000000 0.71284390 0.6000 2.27E+08 1000000 -599999 0 .60 0 .4 0 0.4000 1.0000
FRACTIONAL CRYSTALLIZATION 
%
XLN fL  1/Cx Eo
99% 0.01 0.0006620 0.71046
95% 0.05 0.0017389 0.71046
90% 0.1 0.0026357 0.71046
80% 0 .2 0.0039950 0.71046
70% 0 .3 0.0050954 0.71046
60% 0 .4 0.0060554 0.71046
40% 0 .6 0.0077232 0.71046
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Table C5: Spreadsheet calculations used to generate the assimilate 
possibilit ies related to the fraction of evolution, and the 
fractional crystall ization vector for the Solo Nunatak 















1/Ca Ea FI Ca R LAM z FE fc fcMAX
0.002505474 0.711680000 0.0100 399.13 1.01 1.505 -15 0 .50 0 .9 9 1.0E+02 1.0E+02
0.001885249 0.711680044 0.0100 530.43 2 2 -2 .0 0 0 .9 9 1.9800 2.0000
0.001505236 0.711681388 0.0100 664.35 3 2 .5 -1 .2 5 0 .9 9 1.4850 1.5000
0.001065001 0.711687846 0.0100 938.97 5 3 .5 -0.88 0 .9 9 1.2375 1.2500
0.000609452 0.711700694 0.0100 1640.82 10 6 -0 .6 7 0 .9 9 1.1000 1.1111
0.000069365 0.711722304 0.0100 14416.41 100 51 -0 .5 2 0 .9 9 1.0000 1.0101
0.000000070 0.711725472 0.0100 1.42E+07 100000 50001 -0 .5 0 0 .9 9 0.9900 1.0000
0.002513742 0.711680000 0.0500 397.81 1.0001 1.50005 -15000.50 0.95 9.5E+03 1.0E+04
0.001882347 0.711681097 0.0500 531.25 2 2 -2 .0 0 0.95 1.9000 2.0000
0.001485253 0.711690454 0.0500 673.29 3 2 .5 -1 .2 5 0 .95 1.4250 1.5000
0.001025822 0.711712732 0.0500 974.83 5 3 .5 -0.88 0.95 1.1875 1.2500
0.000571011 0.711742552 0.0500 1751.28 10 6 -0 .6 7 0.95 1.0556 1.1111
0.000062973 0.711781473 0.0500 15879.92 100 51 -0 .5 2 0 .95 0 .9596 1.0101
0.000000064 0.711786591 0.0500 1.57E+07 100000 50001 -0 .5 0 0.95 0.9500 1.0000
0.002513742 0.711680000 0.1000 397.81 1.0001 1.50005 -15000.50 0 .90 9.0E+03 1.0E+04
0.001873247 0.711684400 0.1000 533.83 2 2 -2 .0 0 0 .90 1.8000 2.0000
0.001452837 0.711705162 0.1000 688.31 3 2 .5 -1 .2 5 0 .90 1.3500 1.5000
0.000980681 0.711741405 0.1000 1019.70 5 3 .5 -0.88 0 .90 1.1250 1.2500
0.000534436 0.711782378 0.1000 1871.13 10 6 -0 .6 7 0 .90 1.0000 1.1111
0.000057688 0.711830387 0.1000 17334.70 100 51 -0 .5 2 0 .9 0 0.9091 1.0101
0.000000058 0.711836405 0.1000 1.72E+07 100000 50001 -0 .5 0 0 .90 0 .9000 1.0000
0.002513742 0.711680000 0.2000 397.81 1.0001 1.50005 -15000.50 0 .80 8.0E+03 1.0E+04
0.001836351 0.711697792 0 .2000 544.56 2 2 -2 .0 0 0 .8 0 1.6000 2.0000
0.001372531 0.711741597 0.2000 728.58 3 2 .5 -1 .2 5 0 .8 0 1.2000 1.5000
0.000892286 0.711797552 0.2000 1120.72 5 3 .5 -0.88 0 .80 1.0000 1.2500
0.000471469 0.711850942 0.2000 2121.03 10 6 -0 .6 7 0 .8 0 0 .8889 1.1111
0.000049418 0.711906930 0.2000 20235.59 100 51 -0 .5 2 0 .8 0 0.8081 1.0101
0.000000050 0.711913597 0.2000 2.01E+07 100000 50001 -0 .5 0 0 .8 0 0.8000 1.0000
0.002513742 0.711680000 0.3000 397.81 1.0001 1.50005 -15000.50 0 .70 7.0E+03 1.0E+04
0.001773029 0.711720776 0.3000 564.01 2 2 -2 .0 0 0 .7 0 1.4000 2.0000
0.001275155 0.711785777 0.3000 784.22 3 2 .5 -1 .2 5 0 .7 0 1.0500 1.5000
0.000802180 0.711854787 0.3000 1246.60 5 3 .5 -0.88 0 .70 0.8750 1.2500
0.000413392 0.711914181 0.3000 2419.01 10 6 -0 .6 7 0 .7 0 0 .7778 1.1111
0.000042358 0.711972272 0.3000 23608.25 100 51 -0 .5 2 0 .7 0 0.7071 1.0101
0.000000042 0.711978965 0.3000 2.35E+07 100000 50001 -0 .5 0 0 .7 0 0.7000 1.0000


















1/Ca Ea FI Ca R LAM Z FE fc fcMAX
0.002513742 0.711680000 0.4000 397.81 1.0001 1.50005 -15000.50 0 .6 0 6.0E+03 1.0E+04
0.001680323 0.711754425 0.4000 595.12 2 2 -2 .0 0 0 .60 1.2000 2.0000
0.001161239 0.711837461 0.4000 861.15 3 2 .5 -1 .2 5 0.60 0.9000 1.5000
0.000708279 0.711914431 0.4000 1411.87 5 3 .5 -0 .8 8 0 .60 0.7500 1.2500
0.000356905 0.711975690 0.4000 2801.87 10 6 -0 .6 7 0 .60 0 .6667 1.1111
0.000035856 0.712032449 0.4000 27889.06 100 51 -0 .5 2 0 .6 0 0.6061 1.0101
0.000000036 0.712038819 0.4000 2.79E+07 100000 50001 -0 .5 0 0 .60 0.6000 1.0000
0.002513826 0.711680000 0.6000 397.80 1,.0000001 1 .50000 -15000000.49 0 .4 0 4.0E+06 1.0E+07
0.001385929 0.711861279 0.6000 721.54 2 2 -2 .0 0 0 .4 0 0.8000 2.0000
0.000878525 0.711965730 0.6000 1138.27 3 2 .5 -1 .2 5 0 .40 0.6000 1.5000
0.000504198 0.712044060 0.6000 1983.35 5 3 .5 -0 .8 8 0 .40 0.5000 1.2500
0.000243679 0.712098981 0.6000 4103.76 10 6 -0 .6 7 0 .4 0 0.4444 1.1111
0.000023635 0.712145563 0.6000 42309.83 100 51 -0 .5 2 0 .40 0.4040 1.0101
0.000000024 0.712150571 0.6000 4.25E+07 100000 50001 -0 .5 0 0 .40 0.4000 1.0000
FRACTIONAL CRYSTALLIZATION 
%
XLN fL 1/Cx Eo
99% 0.01 0.1049317 0.71046
95% 0.05 0.0469269 0.71046
90% 0.1 0.0331823 0.71046
80% 0 .2 0.0234634 0.71046
70% 0 .3 0.0191578 0.71046
60% 0 .4 0.0165911 0.71046
40% 0 .6 0.0135466 0.71046
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APPENDIX D




The rocks o f  Storm Peak are f in e  grained w ith  in te rg ra n u la r  or 
in te rs e r ta l  tex tu res . They contain microphenocrysts o f  la b ra d o r ite  and 
pyroxene. From 15% to  more than 60% o f  the rocks cons is t o f  g lass, 
d e v i t r i f i e d  g lass, and qua rtz - fe ldspa r mesostasis, which gives re su lts  
in the normative mineral composition to  include quarts and orthoclase 
( E l l i o t ,  1970, 1972). Although th is  is  an unusual composition fo r  
basa lts , they are c la s s i f ie d  as th o le i i t e s  on the basis o f  the 
mineralogy o f  the microphenocrysts. These basalts are less l i k e  a 
t h o le i i t e  than the Solo Nunatak flows. Bowman et a l . (1974) suggests 
th a t the Storm Peak flows are the re s u l t  o f  h y b r id iz a t io n  o f  a normal 
t h o le i i t e  basalt magma by the ass im ila t io n  o f  g r a n i t ic  rocks o f  the 
Precambrian Basement.
Chemical Composition
Table D1 gives the rubidium, strontium  and i n i t i a l  s trontium  ra t io s  
o f  the 12 flows on Storm Peak. The chemical composition o f  these 
samples can be found in  Bowman e t a l . (1974).
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1 128.8 11.5 0.7094 0.00776 27.00
2 135.0 68.6 0.7119 0.00741 Avg. o f 4
3 132.6 83.2 0.7105 0.00745 27.51
4 94.6 69.2 0.7129 0.01057 27.13
5 134.6 65.3 0.7113 0.00743 27.56
6 138.6 54.9 0.7133 0.00722 Avg. o f 2
7 138.4 58.1 0.7125 0.00723 Avg. o f 2
8 130.5 67.3 0.7105 0.00766 27.64
9 129.4 52.8 0.7108 0.00773 27.67
10 120.4 45.2 0.7099 0.00831 Avg. o f 2
11 135.2 86.1 0.7117 0.00740 27.36
12 127.6 65.6 0.7095 0.00784 27.41





The i n i t i a l  ^ S r / ^ S r  ra t io s  were ca lcu la ted assuming an age o f  
171±9 Ma. The i n i t i a l  r a t io s ,  which are high, ranged from 0.7094 to 
0.7133. The concentrations o f  s trontium  are unusually low when compared 
to  quartz-normative basa lts , which average 471 ppm, while  the rubidium 
concentrations are nearly tw ice as much as the 33 ppm average (P rinz , 
1967).
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Table D2: Major element data fo r  the le as t evolved and most evolved 
samples from Storm Peak.
Element C0 (1) Cm (1)
Si02 56701 57.38










From Faure, et a l . (1974).
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The fo l low ing  tab les are from Lotus® 123 spreadsheets used to 
ca lcu la te  the data to  produce the f ig u res  fo r  Storm Peak. The data from 
Lotus® was imported in to  Graphwriter® and Freelance® Plus to  make the 
f in a l  f ig u re .
Table D3: Spreadsheet ca lcu la t io n s  used to  generate o f  the array o f
possib le ass im ila te  compositions fo r  the Storm Peak loca tion  
o f  the K irk p a tr ic k  Basalts.
GIVEN: Co = 127.6 1/Co = 0.00783 Eo = 0. 7095
Cm = 138.4 1/Cm = 0.00722 Em = 0. 7125
CALCULATED: Data slope = -4 .9055
In te rc e p t = 0.7479
x1 x2 y i y2 Do R LAM Sa
0 0.01100 0.7479 0.72636 0 .4 1 0 .4 -1 .96220
0 0.01100 0.7479 0.75874 0 .4 2 -0 .2 0.98110
0 0.00307 0.7479 0.76000 0 .4 3 -0 .8 3.92441
0 0.00123 0.7479 0.76000 0 .4 5 -2 .0 9.81102
0 0.00049 0.7479 0.76000 0 .4 10 -5 .0 24.52756
x1 x2 y i y2 Do R LAM Sa
0 0.00482 0.7479 0.71250 1.5 1 1.5 -7 .35827
0 0.00361 0.7479 0.71250 1.5 2 2 .0 -9 .81102
0 0.00289 0.7479 0.71250 1 .5 3 2 .5 -12 .26378
0 0.00206 0.7479 0.71250 1.5 5 3 .5 -17 .16929
0 0.00120 0.7479 0.71250 1.5 10 6 .0 -29 .43307
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Table D4: Spreadsheet ca lcu la t io n s  used to  generate the ass im ila te  
p o s s ib i l i t ie s  re la ted  to  the f ra c t io n  o f  e vo lu t ion , and the 
f ra c t io n a l c r y s ta l l iz a t io n  vector fo r  the Storm Peak loca tion  















1/Ca Ea FI Ca R LAM Z FE fc fcMAX
0.01833866 0.71250000 0.0100 54 .53 1.01 0.394 -3 9 .4 0 0 .99 1.0E+02 1.0E+02
0.01952820 0.71250000 0.0100 51.21 1.05 0 .3 7 -7 .4 0 0 .9 9 20.7900 21.0000
0.02125127 0.71250000 0.0100 47 .06 1.1 0 .34 -3 .4 0 0 .9 9 10.8900 11.0000
0.02580192 0.71250439 0.0100 38 .76 1.2 0 .2 8 -1 .4 0 0 .9 9 5.9400 6.0000
0.06870803 0.71423964 0.0100 14.55 1.5 0.1 -0 .2 0 0 .99 2.9700 3.0000
0.14840871 0.71882362 0.0100 6 .7 4 1 .6 0 .04 -0 .0 7 0 .9 9 2.6400 2.6667
1.88281579 0.82183383 0.0100 0 .5 3 1.68 -0 .0 0 8 0.01 0 .9 9 2 .4459 2.4706
0.01806359 0.71250000 0.1000 55 .36 1.0000001 0.39999 -3999999.40 0 .90 9.0E+06 1.0E+07
0.01952820 0.71250000 0.1000 51.21 1.05 0 .3 7 -7 .4 0 0 .9 0 18.9000 21.0000
0.02125061 0.71250110 0.1000 47 .06 1.1 0 .34 -3 .4 0 0 .90 9.9000 11.0000
0.02572190 0.71261431 0.1000 38 .88 1 .2 0 .2 8 -1 .4 0 0 .9 0 5.4000 6.0000
0.03227205 0.71311605 0.1000 30 .99 1.3 0 .22 -0 .7 3 0 .90 3.9000 4.3333
0.06374912 0.71667224 0.1000 15.69 1.5 0.1 -0 .2 0 0 .90 2.7000 3.0000
1.60140825 0.90505896 0.1000 0 .6 2 1 .7 -0 .0 2 0 .03 0 .90 2 .1857 2.4286
0.01809072 0.71250000 0.2000 55.28 1.001 0.3994 -399 .40 0 .8 0 8.0E+02 1.0E+03
0.01952819 0.71250002 0.2000 51.21 1.05 0 .3 7 -7 .4 0 0 .8 0 16.8000 21.0000
ERR ERR 0.2000 ERR 1 0 .4 ERR 0 .8 0 ERR ERR
0.02557087 0.71282175 0.2000 39.11 1 .2 0 .2 8 -1 .4 0 0 .8 0 4.8000 6.0000
0.05993720 0.71854218 0.2000 16.68 1.5 0.1 -0 .2 0 0 .8 0 2.4000 3.0000
0.49064830 0.79608206 0.2000 2 .0 4 1 .7 -0 .0 2 0 .03 0 .8 0 1.9429 2.4286
1.73142078 1.01973657 0.2000 0 .5 8 1.72 -0 .0 3 2 0 .04 0 .8 0 1.9111 2.3889
0.01809072 0.71250000 0.3000 55.28 1.001 0.3994 -39 9 .40 0 .7 0 7.0E+02 1.0E+03
0.01952799 0.71250037 0.3000 51.21 1.05 0 .3 7 -7 .4 0 0 .7 0 14.7000 21.0000
0.02122318 0.71254686 0.3000 47.12 1.1 0 .34 -3 .4 0 0 .70 7.7000 11.0000
0.02535498 0.71311828 0.3000 39.44 1 .2 0 .2 8 -1 .4 0 0 .7 0 4.2000 6.0000
0.05615832 0.72039592 0.3000 17.81 1.5 0.1 -0 .2 0 0 .7 0 2 .1000 3.0000
0.27625601 0.77504798 0.3000 3 .6 2 1 .7 -0 .0 2 0 .03 0 .70 1.7000 2.4286
12.29433940 3.76344537 0.3000 0 .08 1.75 -0 .0 5 0 .0 7 0 .70 1.6333 2.3333
0.01806359 0.71250000 0.4000 55.36 1.0000001 0.39999 -3999999.40 0 .6 0 6.0E+06 1.0E+07
0.01952647 0.71250314 0.4000 51.21 1.05 0 .3 7 -7 .4 0 0 .6 0 12.6000 21.0000
0.02117457 0.71262793 0.4000 47 .23 1.1 0 .34 -3 .4 0 0 .6 0 6.6000 11.0000
0.02505508 0.71353021 0.4000 39.91 1 .2 0 .2 8 -1 .4 0 0 .6 0 3 .6000 6.0000
0.05205674 0.72240795 0.4000 19.21 1 .5 0.1 -0 .2 0 0 .6 0 1.8000 3.0000
0.17885480 0.76549193 0.4000 5 .59 1 .7 -0 .0 2 0 .0 3 0 .6 0 1.4571 2.4286
0.45605090 0.85980258 0.4000 2 .1 9 1.75 -0 .0 5 0 .0 7 0 .6 0 1.4000 2.3333

















1/Ca Ea FI Ca R LAM Z FE fc fcMAX
0.01806359 0.71250000 0.6000 55 .36  1,.0000001 0.39999 -3999999.40 0 .4 0 4.0E+06 1.0E+07
0.01949268 0.71256447 0.6000 51 .30 1.05 0 .3 7 -7 .4 0 0 .4 0 8.4000 21.0000
0.02090268 0.71308141 0.6000 47 .84 1.1 0 .34 -3 .4 0 0 .40 4.4000 11.0000
0.02401125 0.71496396 0.6000 41.65 1 .2 0 .2 8 -1 .4 0 0 .40 2.4000 6.0000
0.04187549 0.72740237 0.6000 23 .88 1 .5 0.1 -0 .2 0 0 .40 1.2000 3.0000
0.05553528 0.73704729 0.6000 18.01 1 .6 0 .04 -0 .0 7 0 .4 0 1.0667 2.6667
0.15929977 0.81046019 0.6000 6 .2 8 1 .8 -0 .0 8 0 .1 0 0 .4 0 0.9000 2.2500
0.01809072 0.71250000 0.8000 55 .28 1.001 0.3994 -39 9 .40 0 .20 2.0E+02 1.0E+03
0.01917311 0.71314449 0.8000 52.16 1.05 0 .3 7 -7 .4 0 0 .20 4 .2000 21.0000
0.01988471 0.71477926 0.8000 50 .29 1.1 0 .34 -3 .4 0 0 .2 0 2.2000 11.0000
0.02127729 0.71871917 0.8000 47 .00 1 .2 0 .2 8 -1 .4 0 0 .2 0 1.2000 6.0000
0.02666405 0.73486437 0.8000 37 .50 1.5 0.1 -0 .2 0 0 .20 0.6000 3.0000
0.04585606 0.79293392 0.8000 21.81 2 -0 .2 0 .2 0 0 .2 0 0.4000 2.0000
0.33352253 1.66415960 0.8000 3 .0 0 2 .6 -0 .5 6 0 .35 0 .2 0 0.3250 1.6250
FRACTIONAL CRYSTALLIZATION 
%
XLN fL 1/CX Eo
99% 0.01 0.0004944 0.7095
90% 0.1 0.0019685 0.7095
80% 0 .2  0.0029837 0.7095
70% 0 .3  0.0038055 0.7095
60% 0 .4  0.0045225 0.7095
40% 0 .6  0.0057681 0.7095
20% 0 .8  0.0068549 0.7095
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Table D5: Spreadsheet ca lcu la t io n s  used to  generate the ass im ila te  
p o s s ib i l i t ie s  re la ted  to  the f ra c t io n  o f  evo lu t io n , and the 
f ra c t io n a l c r y s ta l l iz a t io n  vector fo r  the Storm Peak loca tion  















1/Ca Ea FI Ca R LAM Z FE fc fcMAX
0.004816956 0.712500000 0.0100 207.60 1.0000001 1.50000 -15000000.49 0 .9 9 9.9E+06 1.0E+07
0.004737989 0.712500000 0.0100 211.06 1.05 1.525 -3 0 .5 0 0 .9 9 20.7900 21.0000
0.004661570 0.712500000 0.0100 214.52 1.1 1.55 -1 5 .5 0 0 .9 9 10.8900 11.0000
0.004128819 0.712500000 0.0100 242.20 1.5 1.75 -3 .5 0 0 .9 9 2.9700 3.0000
0.002061497 0.712550005 0.0100 485.08 5 3 .5 -0 .8 8 0 .9 9 1.2375 1.2500
0.000140547 0.712782214 0.0100 7115.05 100 51 -0 .5 2 0 .9 9 1.0000 1.0101
0.000000143 0.712804657 0.0100 6.98E+06 100000 50001 -0 .5 0 0 .9 9 0.9900 1.0000
0.004816956 0.712500000 0.1000 207.60 1.0000001 1.50000 -15000000.49 0 .9 0 9.0E+06 1.0E+07
0.003609871 0.712527916 0.1000 277.02 2 2 -2 .0 0 0 .9 0 1.8000 2.0000
0.002876797 0.712664043 0.1000 347.61 3 2 .5 -1 .2 5 0 .90 1.3500 1.5000
0.002039916 0.712920542 0.1000 490.22 5 3 .5 -0 .8 8 0 .9 0 1.1250 1.2500
0.001178975 0.713243596 0.1000 848.19 10 6 -0 .6 7 0 .9 0 1.0000 1.1111
0.000136976 0.713675684 0.1000 7300.56 100 51 -0 .5 2 0 .90 0.9091 1.0101
0.000000139 0.713734543 0.1000 7.17E+06 100000 50001 -0 .5 0 0 .90 0.9000 1.0000
0.004816795 0.712500000 0.2000 207.61 1.0001 1.50005 -15000.50 0 .8 0 8.0E+03 1.0E+04
0.003601008 0.712614872 0.2000 277.70 2 2 -2 .0 0 0 .8 0 1.6000 2.0000
0.002855766 0.712921966 0.2000 350.17 3 2 .5 -1 .2 5 0 .8 0 1.2000 1.5000
0.002013540 0.713373387 0.2000 496.64 5 3 .5 -0 .8 8 0 .80 1.0000 1.2500
0.001157301 0.713881530 0.2000 864.08 10 6 -0 .6 7 0 .80 0 .8889 1.1111
0.000133601 0.714519934 0.2000 7484.96 100 51 -0 .5 2 0 .80 0.8081 1.0101
0.000000136 0.714604693 0.2000 7.36E+06 100000 50001 -0 .5 0 0 .8 0 0 .8000 1.0000
0.004816795 0.712500000 0.3000 207.61 1.0001 1.50005 -15000.50 0 .7 0 7.0E+03 1.0E+04
0.003585048 0.712771455 0.3000 278.94 2 2 -2 .0 0 0 .7 0 1.4000 2.0000
0.002827211 0.713272158 0.3000 353.71 3 2 .5 -1 .2 5 0 .70 1.0500 1.5000
0.001981611 0.713921589 0.3000 504.64 5 3 .5 -0 .8 8 0 .7 0 0.8750 1.2500
0.001132476 0.714612213 0.3000 883.02 10 6 -0 .6 7 0 .7 0 0.7778 1.1111
0.000129881 0.715450643 0.3000 7699.35 100 51 -0 .5 2 0 .70 0.7071 1.0101
0.000000132 0.715560264 0.3000 7.57E+06 100000 50001 -0 .5 0 0 .70 0.7000 1.0000
0.004816956 0.712500000 0.4000 207.60 1.0000001 1.50000 -15000000.49 0 .6 0 6.0E+06 1.0E+07
0.003559805 0.713019121 0.4000 280.91 2 2 -2 .0 0 0 .6 0 1.2000 2.0000
0.002788656 0.713744992 0.4000 358.60 3 2 .5 -1 .2 5 0 .60 0 .9000 1.5000
0.001941199 0.714615435 0.4000 515.15 5 3 .5 -0 .8 8 0 .6 0 0 .7500 1.2500
0.001102101 0.715506244 0.4000 907.36 10 6 -0 .6 7 0 .6 0 0.6667 1.1111
0.000125447 0.716559865 0.4000 7971.46 100 51 -0 .5 2 0 .6 0 0.6061 1.0101
0.000000127 0.716695868 0.4000 7.85E+06 100000 50001 -0 .5 0 0 .6 0 0 .6000 1.0000
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Table D5 (Continued)
Co = 127.6 1/Co = 0.00784 Eo = 0.7095
Cm = 138.4 1/Cm = 0.00723 Em = 0.7125
Do = 1 .5
1/Ca Ea FI Ca R LAM Z FE fc fcMAX
0.004816956 0.712500000 0.6000 207.60 1.0000001 1.50000 -15000000.49 0 .40 4.0E+06 1.0E+07
0.003460806 0.713990396 0.6000 288.95 2 2 -2 .0 0 0 .40 0.8000 2.0000
0.002658079 0.715346352 0.6000 376.21 3 2 .5 -1 .2 5 0 .40 0.6000 1.5000
0.001813328 0.716810896 0.6000 551.47 5 3 .5 -0 .8 8 0 .40 0.5000 1.2500
0.001009983 0.718217546 0.6000 990.12 10 6 -0 .6 7 0 .40 0.4444 1.1111
0.000112509 0.719796725 0.6000 8888.15 100 51 -0 .5 2 0 .40 0.4040 1.0101
0.000000114 0.719994860 0.6000 8.78E+06 100000 50001 -0 .5 0 0 .40 0.4000 1.0000
0.004815351 0.712500000 0.8000 207.67 1.001 1.5005 -1500 .50 0 .20 2.0E+02 1.0E+03
0.003172589 0.716818105 0.8000 315.20 2 2 -2 .0 0 0 .20 0.4000 2.0000
0.002325985 0.719419086 0.8000 429.93 3 2 .5 -1 .2 5 0 .20 0.3000 1.5000
0.001515813 0.721919014 0.8000 659.71 5 3 .5 -0 .8 8 0 .2 0 0.2500 1.2500
0.000810112 0.724100361 0.8000 1234.40 10 6 -0 .6 7 0 .2 0 0.2222 1.1111
0.000086357 0.726339507 0.8000 11579.81 100 51 -0 .5 2 0 .2 0 0.2020 1.0101
0.000000087 0.726606502 0.8000 1.15E+07 100000 50001 -0 .5 0 0 .2 0 0.2000 1.0000
FRACTIONAL CRYSTALLIZATION 
%
XLN fL 1/CX Eo
99% 0.01 0.0783699 0.7095
90% 0 .1  0.0247827 0.7095
80% 0 .2  0.0175240 0.7095
70% 0 .3  0.0143083 0.7095
60% 0 .4  0.0123913 0.7095
40% 0 .6  0.0101175 0.7095





Table El: Spreadsheet data used fo r  ca lcu la t io n  o f  the maximum 
c r y s ta l l iz a t io n  l in e  fo r  the K irk p a tr ic k  Basalts.
SOLO NUNATAK
Co = 9 5 .3  1/Co = 0 .01049 Eo = 0.71046
Cm = 265.2  1/Cm = 0 .00377 Em = 0.71168
Do = 0 .4  fc  = 0.691642
1/Ca Ea FI Ca R LAM Z FE fc fcMAX
0.00312715 0.71214072 0.9932 319 .78 1.01 0.394 -3 9 .4 0 0.0068 0.6916 101.000
0.00292191 0.71231129 0.7695 342.24 1.5 0.1 -0 .2 0 0.2305 0.6916 3 .0 00
0.00244952 0.71271995 0.5389 408.24 3 -0 .8 0 .4 0 0.4611 0.6916 1.500
0.00202363 0.71309883 0.4467 494.16 5 -2 0 .5 0 0.5533 0.6916 1.250
0.00141525 0.71364853 0.3775 706.59 10 -5 0 .5 6 0.6225 0.6916 1.111
0.00022188 0.71474009 0.3153 4506.93 100 -59 0 .6 0 0.6847 0 .6916 1.010
Do = 1 .5 fc  = 0.691642
1/Ca Ea FI Ca R LAM Z FE fc fcMAX
0.00185123 0.71185869 0.9932 540.18 1.01 1.505 -150 .50 0.0068 0.6916 101.000
0.00151059 0.71188457 0.7695 661.99 1 .5 1.75 -3 .5 0 0.2305 0 .6916 3 .0 00
0.00097337 0.71192270 0.5389 1027.36 3 2 .5 -1 .2 5 0.4611 0.6916 1.500
0.00066277 0.71194334 0.4467 1508.81 5 3 .5 -0 .8 8 0.5533 0.6916 1.250
0.00036955 0.71196192 0.3775 2706.00 10 6 -0 .6 7 0.6225 0.6916 1.111


















1/Ca Ea FI Ca R LAM Z FE fc fcMAX
0.01061742 0.74045773 0.9974 9 4 .18 1.01 0.394 -3 9 .4 0 0 .0026 0.2610 101.000
0.01165068 0.75920627 0.9565 85 .83 1 .2 0 .28 -1 .4 0 0.0435 0.2610 6 .0 00
0.01465338 1.14796962 0.9021 68 .24 1 .6 0 .04 -0 .0 7 0 .0979 0.2610 2 .6 67
0.01682128 0.46763714 0.8840 59.45 1 .8 -0 .0 8 0 .1 0 0 .1160 0.2610 2.250









-0 .8 0 .40 0.1740 0.2610 1.500
1/Ca Ea FI Ca R LAM Z FE fc fcMAX
0.00412477 0.71749212 0.9974 242.44 1.01 1.505 -150 .50 0 .0026 0.2610 101.000
0.00341775 0.71860428 0.9130 292.59 1 .5 1.75 -3 .5 0 0.0870 0.2610 3.000
0.00224188 0.72045050 0.8260 446.05 3 2 .5 -1 .2 5 0.1740 0.2610 1.500
0.00153696 0.72155602 0.7912 650.64 5 3 .5 -0 .8 8 0 .2088 0.2610 1.250
0.00086054 0.72261622 0.7651 1162.07 10 6 -0 .6 7 0.2349 0.2610 1.111
0.00009645 0.72381330 0.7417 10367.56 100 51 -0 .5 2 0.2583 0 .2610 1.010
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Table E2: The fo l lo w in g  pages are the spreadsheet ca lcu la t io n s  fo r  
producing the re la t io n s h ip  between f ra c t io n  o f  l iq u id  
remaining and f ra c t io n  o f  c rys ta ls  formed and the percent o f  
o r ig in a l  magma c ry s ta l l iz e d .
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